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Abstract Maize is the New World’s preeminent grain crop and it provided the
economic basis for human culture in many regions within the Americas. To flourish,
maize needs water, sunlight (heat), and nutrients (e.g., nitrogen). In this paper,
climate and soil chemistry data are used to evaluate the potential for dryland (rain-
on-field) agriculture in the semiarid southeastern Colorado Plateau and Rio Grande
regions. Processes that impact maize agriculture such as nitrogen mineralization,
infiltration of precipitation, bare soil evaporation, and transpiration are discussed and
evaluated. Most of the study area, excepting high-elevation regions, receives
sufficient solar radiation to grow maize. The salinities of subsurface soils in the
central San Juan Basin are very high and their nitrogen concentrations are very low.
In addition, soils of the central San Juan Basin are characterized by pH values that
exceed 8.0, which limit the availability of both nitrogen and phosphorous. In
general, the San Juan Basin, including Chaco Canyon, is the least promising part of
the study area in terms of dryland farming. Calculations of field life, using values of
organic nitrogen for the upper 50 cm of soil in the study area, indicate that most of the
study area could not support a 10-bushel/acre crop ofmaize. The concepts, methods, and
calculations used to quantify maize productivity in this study are applicable to maize
cultivation in other environmental settings across the Americas.
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Introduction
The genetic plasticity of maize (Zea mays L.) has permitted its adaptation to a wide
spectrum of environments. It grows at elevations ranging from 0 to 3,000 m (above
sea level), at latitudes ranging from zero to 50° N and 50° S, under precipitation
regimes ranging from wet to semiarid, and in both temperate and tropical climates
(see, e.g., Corral et al. 2008).
Maize is the New World’s preeminent grain crop and it provided the economic
basis for many cultures in the Americas. Its ancestor, teosinte (Zea mays ssp.
parviglumis) was domesticated in the Balsas drainage of central Mexico (Matsuoka
et al. 2002). Accelerator mass spectrometric dates on maize cobs from southwestern
Mexico indicate that domestication occurred more than 6,300 years ago (Benz 2001;
Piperno and Flannery 2001). Maize is commonly present in archaeological contexts
in the Tehaucan Valley of Mexico by 3550 B.C. (Benz et al. 2006), and it appears in
northern Mexico and the American Southwest by about 2900 B.C. (Huckell 2006;
Jaenicke-Despres and Smith 2006). Maize has been shown to be a dietary staple of
late Basketmaker II (A.D. 1–500) people (Coltrain et al. 2006, 2007). From the
American Southwest, maize moved east into the Midwestern USA by about A.D. 330
(Ford 1987), although it was not found in substantial frequencies in archaeobotanical
assemblages older than A.D. 1000 (Wymer 1992). Interestingly, Blake (2006) has
suggested that the initial use and spread of Zea was due to the value of its stalks in
producing large quantities of fermentable juice; that is, it was consumed in a social
context.
While there has been some disagreement about the timing of maize introduction
to the Old World, it appears that it arrived there soon after Columbus’ first voyage to
the New World and had reached China before A.D. 1511 (Li 2009). Since A.D. 1500,
the world’s population has increased by over an order of magnitude, and the addition
of Native American food plants, especially maize, has permitted much of the
population increase, with world maize production reaching 770 million metric tons
in 2008 (Cattlenetwork 2008).
This study seeks to describe the biological, physical, and chemical processes that
control maize productivity in a particular semiarid region—the American Southwest.
The concepts, methods, and calculations used to quantify maize productivity in this
study can be applied to maize cultivation in other environmental settings (modern
and prehistoric) that presently exist or have existed around the globe.
In Part 1 of this study, the dependence of Southwestern maize agriculture on
climate and soil fertility is examined. The principal factors (water, heat, and soil
chemistry) that control maize productivity are discussed. Then, the overall
agricultural productivity of the study area (Fig. 1) is evaluated in terms of these
factors. The study area includes parts of four states—Utah, Colorado, New Mexico,
and Arizona—and is largely contained within the southeastern quadrant of the
Colorado Plateau and the northern Rio Grande region. Also discussed are prehistoric
and early historic Native American strategies that were developed to optimize and
sustain maize agriculture in the semiarid study area. The concepts developed in this
paper are applied in Part 2 of this study in order to evaluate the relative agricultural
potential of four specific archaeological regions (the Chaco Halo, Mesa Verde, the
Pajarito Plateau, and Zuni) found within the study area.
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This study introduces certain calculations and concepts that illustrate a variety of
physical and chemical processes that determine maize productivity. However, there
are a number of input parameters to those calculations that need further refinement;
for example, little is known regarding the physical and chemical properties of maize
grown by prehistoric Southwestern Native Americans. Parameters such as rooting
depth, dry weight, and nitrogen concentration in the aboveground plant, optimum
length of growing season, and minimum summer and winter precipitation require-
ments are only roughly known. Because of this, biological and agronomical
calculations introduced in this study will often be forced to use values for the
physical and chemical characteristics of modern hybrid maize. Data are also absent
with regard to prehistoric farming practices, e.g., hill spacing, seeds per hill, weed
control, etc. Because of this, the early historic farming practices of the Hopi and
Zuni will be used to model prehistoric maize production. In addition, the physical
and chemical conditions of present-day soils may not be totally representative of
soils that typified the study area hundreds of years ago; for example, many parts of
the study area were overgrazed during the late nineteenth century and early twentieth
century, and as a result, surface soils in those regions were lost to erosion. This study
will therefore principally serve as a framework for agronomic calculations and
concepts. In the future, such calculations can be refined as new data become
available.
In a recent paper, Benson and Berry (2009) demonstrated that prehistoric
Southwestern Native American populations were strongly impacted by climate
change; that is, during wet periods, populations increased and people moved into and
developed normally marginal agricultural lands. Conversely, during megadroughts,
agriculturally unproductive regions were abandoned and populations declined.
Figure 2 illustrates the effect of climate change on timber cutting and construction
activities in the southern Colorado Plateau and Rio Grande areas between A.D. 900
Fig. 1 Study area location map. C Chaco Canyon
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and 1400. In Fig. 2, the tree ring date distribution for archaeological sites within
these areas is compared with the mean Palmer Drought Severity Index (PDSI) for
nine sites within the region (see Benson and Berry 2009 for details regarding the
construction of this figure). Negative values of the PDSI indicate times of drought. It
is evident from the data displayed in this figure that construction activities
accelerated during wet periods and declined during dry periods. Although there is
no way of quantitatively linking cutting date numbers to numbers of people, it is
reasonable to assume that accelerated building construction occurs in response to
population increase and vice versa.
It is the thesis of this paper that Southwestern Native American responses to
major swings in climate were principally due to the impact of climate change on
maize agriculture in this semiarid region and to human degradation of the natural
environment. It also should be noted that multidecadal droughts also negatively
impact food resources within the natural system; for example, recent drought has
been blamed for the death of millions of nut-producing pinyon pines throughout the
Southwest (Breshears et al. 2005).
Maize Productivity
To flourish, maize needs water, solar radiation, nutrients, and a well-structured soil.
In the following, each of these requirements is discussed. Because most references to
maize productivity in the archaeological literature is in terms of bushels/acre (bu/ac)
Fig. 2 Comparison of pan-regional tree cutting date distribution with the PDSI climate index. a Mean of
nine PDSI records from the southern Colorado Plateau. Baseline has been set at a PDSI of −0.5, the mean
value for the past 2,000 years. PDSI and precipitation values have been smoothed with an 11-year running
average. b Distribution of tree ring dates for the period A.D. 900–1400. Black values indicate “death” dates
and white values indicate “v” dates. Three megadroughts (D2–D4) have been colored light gray; two
extended wet periods (W1–W2) have been colored dark gray. Dashed lines between cutting date
distribution and PDSI curves during W1 and W2 indicate correlations of exceptionally wet times with
intense tree harvesting and construction. P indicates Pueblo cultural stages. See Fig. 1 in Benson and Berry
(2009) for locations of the PDSI sites
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grain, this quantity will generally be used; however, those preferring the metric
system will note that 1 bu/ac=56 lb/ac=62.8 kg/ha.
Southwestern and Midwestern Maize Plant Densities
Optimum yield refers to plant density optimized in terms of growing costs versus
selling price. If, for example, the price per bushel of maize increases, as it has due to
ethanol production in recent years (Ethanol Statistics 2008), then the optimum plant
density will increase. In the humid Midwestern Corn Belt, the optimum yield of
grain today occurs at a density of ∼32,000 plants/ac (Elmore and Abendroth 2008;
Nafziger 2002).
Early historic Zuni and Hopi Native Americans planted 10–20 maize kernels in
15- to 30-cm-deep holes spaced about 3 m apart (Bradfield 1971; Cushing 1920;
Prevost et al. 1984; Stephen 1936). Note that the Hopi generally plant deeper than
most other Southwestern Native American groups. After the maize sprouted, all but
four or five of the most vigorous sprouts were pulled (Cushing 1920), which reduced
hill density to ∼440 hills/ac and plant density to ∼2,000 plants/ac. Throughout this
paper, we assume that these hill and plant density values were typical of prehistoric
Southwestern Native American agricultural practices.
Maize is a grass whose root length density and mass decreases exponentially with
depth (Dwyer et al. 1996; Fehrenbacher and Rust 1956; Qin et al. 2006). As a rule
of thumb, about 75% of the maize root length is concentrated in the upper half of the
rooting depth. Because maize is a grass, it concentrates its roots near the surface in
order to intercept infiltrating water. The upper root ball radii of some types of
modern hybrid maize extend 1.2 m outward from the stalk (Weaver 1926). Data
describing the density and distribution of roots associated with southwestern Native
American maize varieties are lacking; however, these varieties also may be able to
spread their roots as widely as modern hybrid varieties, thus accessing moisture far
from the stalk. If so, this strategy provides the plant with water that infiltrates
∼4.5 m2 of soil. For the Southwest, where an average of 4.5 stalks were grown in a
single hill, each stalk accesses water infiltrating through an effective 1-m2 area.
Contrast this with a modern Midwestern 1-ac field containing 32,000 plants in which
each plant accesses water infiltrating through a 0.125-m2 area. Thus, even though the
Southwest receives only a fraction of the precipitation falling on Midwestern fields
(most of Illinois and Iowa fields receive 0.75–1.15 m of annual precipitation,
whereas most of New Mexico receives 0.15–0.40 m of annual precipitation; Oregon
Climate Service 2009), Southwestern maize crops can access water from about eight
times the soil volume available to Midwestern crops.
Water
The mass balance for soil water associated with a maize field is given by
$S ¼ IP þ IIð Þ  OE þ OT ;W þ OT ;C þ OC þ O#
  ð0:1Þ
where ΔS is the change in soil moisture storage, IP is on-field precipitation, II is on-
field irrigation run-on, OE is bare soil evaporation, OT,W is water transpired from
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weeds, OT,C is water transpired from maize, OC is water stored in maize, and O↓ is
water that infiltrates below root depth.
On-Field Precipitation
On-field precipitation and on-field water concentration (a form of dryland irrigation)
lead to infiltration and percolation of water through the soil. Brady and Weil (2008)
present a simplified overview of soil–water interactions. In the following, I discuss
some of those interactions in terms of the concepts presented by these authors.
A summer rainfall of 15 cm and an annual precipitation of 30 cm represent,
approximately, the lower limits for dryland (rain-on-field) maize production in the
northern hemisphere (Shaw 1988). With regard to regions near the study area, Leonard
et al. (1940) observed that crop failures in Colorado usually occurred when annual
rainfall was <35 cm, and Jenkins (1941) suggested that precipitation of 20 cm during
June, July, and August marked the western limit of maize production in the USA.
Winter and early spring precipitation is necessary to germinate and sprout maize,
whereas summer precipitation supplies the necessary moisture for further plant growth,
including grain production. Soil moisture in the spring and early summer is necessary
for nitrogen (N) mineralization. Timing of precipitation also is important; for example,
rainfall is critical with respect to maize yields during the week preceding and the week
following anthesis when male flowering and pollen shed begin (Runge 1968).
Infiltration and Percolation of Precipitation
Infiltration is the penetration of water below the soil surface and percolation is the
continued downward transport of water under a potential gradient. The depth of
percolation is important because evaporation can rapidly remove much of the
moisture in the upper several centimeters of soil during the warm season, thus
depriving plants of moisture.
Water flows from high- to low-energy locations. In the case of soils, energy exists
mostly in the form of potential energy. The total soil–water potential, ΨT, principally
consists of two potentials, i.e.,
<T ¼ <g þ<p ð0:2Þ
where Ψg and Ψp are the gravitational and pressure potentials, respectively. The
gravitational potential is simply the vertical distance above an arbitrary reference
point. The negative pressure potential (matric potential) is mainly due to water
tension resulting from the attraction of water to the mineral soil surface.
When all soil pores are saturated with water, the soil is at its maximum retentive
capacity and its matric potential approaches zero. At this point, the volumetric water
content (Θv, the volume of water associated with a given volume of soil) is equal to
the soil’s total porosity. If the base of the soil is porous, water will percolate
downward and through the soil profile under the influence of gravity. After about
2 days, percolation will cease, and the soil will have achieved its field capacity. At
this point, water has been lost from the soil’s macropores, but is still contained
within its micropores (capillary water) under surface tension. The roots of maize can
access capillary water; however, continued depletion of this water will ultimately
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result in a situation where the soil water’s negative matric potential exceeds the
positive pressure potential created by plant transpiration. At this time, the plant has
reached its permanent wilting point. Plant-available water is defined as the
volumetric difference between field capacity and the permanent wilting point. Silt
loams have field capacity, permanent wilting point, and plant-available water values
of about 0.30, 0.15, and 0.15 g H2O/g dry soil (see, e.g., Norton and Silvertooth
1998). The permanent wilting point also is a function of the negative-pressure
osmotic potential (ΨO) which defines the salinity stress experienced by a plant
(Homaee et al. 2002). In other words, the increased concentration of dissolved solids
in soil water that has experienced evapotranspiration makes it more difficult for a
plant’s root system to extract water from the soil and, therefore, increases the value
of the permanent wilting point and decreases the amount of plant-available water.
Infiltration and percolation of water into a silt loam is depicted in Fig. 3a. In this
experiment, 6.1 cm of water was applied at controlled pressure to a 100-cm-long
column of soil (Biswas et al. 1966). The rate of water percolation slows with time,
and the water’s leading edge can be fit with an equation of the form
lnD ¼ A ln t þ B ð0:3Þ
where D is depth (cm), t is time (h), and A and B are constants. Extrapolation of the
data for front penetration at 0 h and 30 days into the silt loam (Fig. 4a) indicates that
Fig. 3 a Infiltration and percolation of water into silt loam. Wap = amount of water applied to soil surface.
Data are from Biswas et al. (1966). b Cumulative evaporation of soil water as a function of evaporation
rate in a silt loam. Data are from Jalota and Prihar (1986)
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the addition of 0.5, 1.0, and 2.0 cm of water at time 0 would have resulted in
instantaneous penetration depths of 1.8, 4.1, and 6.7 cm and 30-day penetration
depths of 13.8, 16.0, and 20.4 cm. Also shown in Fig. 4b are data for infiltration of
water into clay loam (Biswas et al. 1966). Note that increasing sediment
permeability (silt loam > clay loam) leads to increased penetration depths at both
0 h and 30 days. Data for the depth of the wetting front as a function of water
supplied for silt loam and clay loam are depicted in Fig. 4c–h (data taken from
Fig. 4 a–b Extrapolation of the data for water front penetration at 0 h and 30 days into the silt loam clay
loam as a function of the amount of applied water. c–h Extrapolation of data for the depth of the wetting
front at 24, 48, and 72 h as a function of water supplied for silt loam and clay loam (data taken from
Biswas et al. 1966)
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Biswas et al. 1966). These data allow us to calculate the depth of the wetting front
with time for small amounts (0.5–2.0 cm) of applied precipitation (Table 1).
Water Use Efficiency and Evapotranspiration
The water use efficiency (WUE) of a field crop (such as maize) can be defined as
WUE ¼ DM
ET
ð0:4Þ
where DM is dry matter production and ET is evapotranspiration. The unit of WUE
is grams dry matter per kilogram H2O; the water requirement of a crop is the inverse
of WUE (Gardner et al. 1985:92–96). Two papers published in the archaeological
literature (Dominguez and Kolm 2005; Muenchrath and Salvador 1995) reference
data for the water requirement of maize listed in Table 4.3 of Gardner et al. (1985),
that is, 1 g DM/0.388 kg H2O. However, this value is not necessarily applicable to
the water requirement for maize grown by prehistoric and early historic
Southwestern Native Americans. The fields studied by Gardner et al. (1985) were
well watered and most fields farmed by Southwestern Native Americans experienced
water stress. Assuming that grain makes up 47.5% of the dry weight of aboveground
maize (Table 2), the 17,000-kg/ha DM yield for the field listed in Table 4.3 of
Gardner et al. (1985) equates to 130 bu grain/ac, which implies a planting density of
approximately 30,000 plants/ac. This plant density is 15 times that of Southwestern
Native American maize fields, and calculations of WUE, using such a plant density,
are not applicable to Southwestern maize.
ET in Eq. 0.4 is composed of bare soil evaporation (OE) and plant (maize)
transpiration (OT,C). OT,C is proportional to the amount of plant dry matter; that is,
C4 plants such as maize have a typical transpiration ratio of ∼250 and that for every
molecule of CO2 fixed by photosynthesis, approximately 250 molecules of water are
lost (transpired) through the maize’s stomata (Taiz and Zeiger 2002:62). Therefore,
for each kilogram of C fixed by maize, ∼375 kg of H2O is transpired. Given that, by
definition, 1 bu of grain weighs 56 lb (25.4 kg), that grain makes up 47.5% of the
aboveground plant, and that 43.6% of the aboveground plant consists of C (Latshaw
and Miller 1924); 8,750 kg of H2O is transpired for every bushel of grain produced.
A Southwestern Native American field that, on average, produces 10 bu/ac of
grain will only transpire ∼7.7% of the water transpired by a field that produces
130 bu/ac of grain; that is, transpiration is a linear function of plant density. For a 1-ac
field, having a surface area of 4,047 m2, the 87,500 kg of H2O transpired by plants
producing 10 bu of maize amounts to 2.2 cm H2O transpired from the field. However,
the volume of soil (1.51 m3) occupied by each of 440 root systems represented by a
cone1 with a radius of 1.2 m and a height of 1.0 m is only 16% of the field volume.
Therefore, an equivalent depth of 13.4 cm of water must be supplied from the total
root volume to support the transpiration demand of a 10-bu/ac maize crop. Note that
1 Arbuscular mycorrhizal fungi can greatly increase the absorbing surface area of the root, especially in
terms of P adsorption. The fungal hyphae can slightly increase the effective volume of the root cone in that
the hyphae can extend between 3 and 7 cm beyond the P depletion zone that normally develops within the
root cone (Rakshit and Bhadoria 2008).
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this value is similar to the minimum amount of summer moisture necessary to produce
a crop of maize.
Bare Soil Evaporation
During the initial stage of infiltration (constant rate stage) when the soil is at near
saturation, evaporation rate is controlled by atmospheric conditions (temperature,
humidity, and wind speed) in the boundary layer that overlies the soil surface (Hillel
1971). During the second stage of evaporation, the rate of evaporation falls rapidly
because vertical transport of water from the soil is governed by the soil’s hydraulic
properties (Rose 1968) and heat transport (see Fig. 3b for an illustration of the time
dependence of evaporation).
Table 2 Individual Plant Aboveground Corn Dry Matter Percentages at Harvest
% Grain % Stover % Cob % Stover and cob Total weight (g) Source
45.9 45.9 8.2 54.1 257 1
48.0 44.5 7.5 52.0 2
55.0 35.5 9.5 45.0 3
42.6 41.0 16.4 56.4 259 4
45.1 37.3 17.5 54.9 350 4
52.0 40.8 7.2 48.0 321, 250, 345 5
47.3 42.0 10.5 52.7 341 6
49.4 39.6 11.0 50.6 373 6
42.5 47.2 10.3 57.5 264 7
AVE=47.5 41.5 10.9 52.4 307
1 Pordesimo et al. (2004), 115 days after planting; 2 Sawyer and Mallarino (2007); 3 D. Westfall
(Colorado State University, personal communication, 2008); 4 DiMarco et al. (2007); 5 Shinners and
Binversie (2007), 3 years of planting; 6 Hay et al. (1953); 7 Reddy et al. (1991), zero applied N
Table 1 Depth of Wetting Front with Time
Soil type Wap (cm) Time (h)
0 24 48 72 720
Depth of Wetting Front (cm)
Silt loam 0.5 2.8 10.2 11.4 12.2 13.8
1 4.1 11.6 12.9 13.8 16.0
2 6.7 14.4 15.9 16.9 20.4
Clay loam 0.5 2.8 9.7 10.5 11.0 13.0
1 3.8 10.8 11.6 12.1 16.0
2 6.0 12.8 13.7 14.3 17.3
Wap refers to the amount of water applied to the top of the soil
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About 10 mm of water can be rapidly evaporated from the surface layer of a silt
loam after the layer has been completely wetted (Allen et al. 2005 and references
therein). Bare soil evaporation is dependent on several factors including shading,
which reduces evaporation (OE). Maize hills in Southwestern Native American fields
are usually spaced about 3 m apart, whereas Midwestern farmers favor a row spacing
of ∼0.75 m, which implies a hill spacing of ∼18 cm along a row, given a plant
density of 32,000 plants/ac (Farnham 2001).
Early historic maize plant densities imply that only ∼11% of the soil surface will
be shaded by maize at noon; thus, bare soil evaporation will be relatively high under
these conditions. Given that semiarid regions such as the American Southwest
experience free-surface evaporation rates ranging from 5 to 8 mm/day (Abdul-Jabbar
et al. 1983; Fig. 2 in Benson and White 1994), it follows that water will be removed
from the saturated soil surface layer within a few days following the precipitation
event during the growing season.
The leaf area index (LAI) is the ratio of the total one-sided leaf area of a plant
divided by the surface area of ground covered by the plant. From seedling
emergence to flowering, the maize canopy will develop a LAI of 3–5 (Westgate
et al. 2004). If we assume an effective canopy radius of 0.5 m, then Midwestern
maize will shade nearly 100% of the bare ground area beneath its canopy. In the
Shandong province of China, maize grown at a plant density sufficient to produce
103 bu/ac was shown to capture 94% of the incident solar radiation (Odend’hal
1993). Also, shading by maize canopy planted at a density of 1 plant/4 m2 under
dryland conditions reduced evaporation by 20–30% in a 2-year experiment
conducted by Todd et al. (1991). Increased shading also decreases the potential for
weeds by preventing sunlight from reaching their leaves (Johnson et al. 1998).
The Amount of Water Stored in Maize
The amount of water contained within maize (OC) at any point in time is a small
fraction of the water transpired. Shinners and Binversie (2007) showed that after
∼150 days, the ratio of stover moisture to grain moisture plateaus at a value of 2.1
and that grain moisture at 150 days is 33%. Before drying, a bushel of grain weighs
37.9 kg and contains 12.5 kg of H2O. The stover dry matter associated with the wet
grain weighs 28.1 kg. At its original 69.3% moisture content, the stover weighs
91.5 kg and contains 63.4 kg of H2O. Thus, the aboveground plant associated with
10 bu of maize contains 634 kg of H2O, which is only 5.5% of the amount of water
transpired during the growth of maize.
Soil Structure and Water Retention
The structure of the soil profile is important in terms of water retention. Dominguez and
Kolm (2005) have presented an excellent summary of soil textures that influence the
hydraulic characteristics of a soil. Sand, clay, and silt (the primary textural components
of soil) have volumetric water contents of 0.43, 0.38, and 0.45 cm H2O/cm dry soil
and field capacities of 0.05, 0.36, and 0.21 g H2O/g dry soil. It follows that a soil
profile consisting solely of sand will drain quickly and plant roots will not be able to
extract much water from such a porous soil. A soil consisting only of clay can retain a
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large volume of water; however, little of the water is available to plants given its low
hydraulic conductivity. However, a soil consisting solely of silt has a relatively high
porosity but tends to drain rather slowly, allowing plant roots to access the water.
Fields whose soil profiles are characterized by coarse-textured surface layers underlain
by fine-grained clayey horizons favor the production of maize in that the clayey layer
holds water in the root zone (Bradfield 1971; Hack 1942; Homburg 2000; Sandor
1995).
Solar Radiation and its Proxies
The growth of maize is directly related to the amount of solar radiation absorbed by
the plant. According to Lindquist et al. (2005), “Dry matter production by maize
depends on the total carbon (C) fixed by photosynthesis and the fraction of that C
converted to dry matter (Norman and Arkebauer 1991)…and… plant dry matter
accumulation is related to the amount of radiation absorbed by the plant canopy
(e.g., Monteith 1977).”
RUE and Photosynthetically Active Radiation
Radiation use efficiency describes the relationship between intercepted radiation and
dry matter production and is expressed in grams per megajoule (Monteith 1977).
Radiation interception is a function of the LAI and the extinction coefficient which
measures the efficiency of radiation interception. LAI increases over time, reaching a
maximum value approximately 2 months after sowing when male flowering and
pollen shed begins (Lindquist et al. 2005). At this time, the fraction of intercepted
photosynthetically active radiation reaches a maximum and then plateaus.
Photosynthetically active radiation makes up about 50% of total solar radiation
(Sinclair and Muchow 1999). Müller (2001) demonstrated that the leaves of maize
absorb 92% of the radiation that intercepts the canopy, and Muchow et al. (1990)
have shown that temperature affects growth duration by controlling the length of
time that a crop can intercept radiation. Lindquist et al. (2005) measured maize
growth under optimal conditions in Nebraska and showed that maize aboveground
biomass accumulated as a linear function of absorbed photosynthetically active
radiation (APAR); that is, radiation use efficiency (RUE) is a constant during the
growth of the maize.
As mentioned previously, Native American maize was planted at a density of
440 hills/ac, each hill averaging ∼4.5 plants. Multiple plants per hill results in a
much higher LAI for the set of plants and may cause self-shading of some
fraction of the combined leaf surface at solar noon; however, the wide spacing of
the hills allows sufficient light interception before and after solar noon such that
the plants are not radiation limited.
Solar Radiation Proxies
Unfortunately, solar radiation measurements are lacking for most of the study area so
other meteorological data must be used to proxy for APAR, that is, freeze-free days
(FFD) and growing degree days (GDD).
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Most varieties of maize, including Southwest Native American landraces such as
Hopi blue maize and a variety of Zuni cultivars, require about 120 FFD (Bradfield
1971; Muenchrath et al. 2002). The 120 days refers to the time from emergence to
black layer formation which indicates physiological maturity (D. Westfall, Colorado
State University, 2010, personal communication). In a recent experimental maize
grow-out in the Durango District of southwestern Colorado, Bellorado (2007)
showed that five southwestern Native American maize varieties reached maturity
within 1,055–1,110 GDD, which are calculated using the following formula:
GDD ¼
Xn
i¼m Ta  Tbð Þ$t; ð0:5Þ
where Ta is the average daily temperature in degree Celsius, Tb is a base temperature
(10°C) below which development is assumed to cease, m is the date of the first
freeze-free day after planting, n is the date of the last freeze-free day, and t is a time
step in days. If Ta>30°C, Ta is set to 30°C. For the purposes of this paper, we will
follow the results of Bellorado (2007) and adopt 1,000 GDD as the value below
which maize yields cease to be optimal.
Soil Chemistry and Maize Production
In the semiarid Southwest, several soil chemistry parameters, including N,
phosphorous (P), salinity, and pH, are important in terms of maize production.
Carbon and Nitrogen
Decomposition of dead organic matter, including dead plant material (litter), releases
nutrients to the soil that are necessary for plant and microbial production.
Decomposition consists of three processes—leaching, fragmentation, and chemical
alteration (Chapin et al. 2002).
Leaching removes water-soluble inorganic and organic chemical species from
litter, including simple carbohydrates and amino acids that can be absorbed by soil
microbes. Animals (including protozoa) are primarily responsible for the fragmen-
tation of litter; however, both freeze–thaw and wet–dry cycling can destroy litter’s
cellular integrity. In general, fragmentation disrupts cell walls and makes labile cell
nutrients available to the microbial community. Microfauna such as nematodes and
protozoa not only fragment and transform soil organic matter (SOM) but also
consume bacteria, releasing mineralized N to the soil zone.
Fungi and bacteria are responsible for most of the chemical alteration of plant litter.
Fungi are the principal initial decomposers of dead plant material; they secrete enzymes
capable of breaking down all classes of plant compounds, including highly refractory
lignin (Jastrow et al. 2007). Whereas fungi are the principal decomposers of fresh plant
litter that resides on the soil surface, bacteria dominate decomposition processes in the
rhizosphere (the volume of soil influenced by plant roots). Roots via their exudations
and decomposition also act to introduce organic carbon within the soil zone.
Organic C is abundant within the rhizosphere (Norton and Firestone 1991) where
roots excrete carbohydrates (Jaeger et al. 1999); therefore, bacteria that populate the
rhizosphere are limited by the availability of nutrients other than C. Such nutrients
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become available when the bacteria break down SOM, releasing ammonium (NH4
+)
to the soil. In addition, protozoa graze the bacterial populations, mineralizing N in
the process (Clarholm 1985). As a result, the rate of N mineralization within the
rhizosphere is much greater (∼30%) than in the bulk soil.
Elevated temperatures increase the activity of the microbial community in
relatively wet regions, increasing the mineralization rate of organic C (Lloyd and
Taylor 1994); however, in semiarid climates, increasing temperature dries the soil
and reduces the decomposition rate of SOM. Soil microbes also suffer in semiarid
environments under conditions of low soil moisture and high salinity. Under such
conditions, osmotic gradients cause microbial cell walls to burst.
As SOM is decomposed, dissolved organic nitrogen (DON) is released. When
microbial production is carbon limited, microbes use carbon associated with the
DON to support growth and respiration, releasing NH4
+ into the soil as a waste
product (N mineralization). Nitrifying bacteria transform NH4
+ first to NO2
− and
then to NO3
− (nitrification). Both NH4
+ and NO3
− can be absorbed by plants and
microbes; however, the negatively charged NO3
− is highly mobile and can move
rapidly through the soil zone within the percolating aqueous phase. Greater soil
moisture translates into enhanced rates of microbial activity (Hoeft and Peck 2002;
Williams et al. 2000); for example, in one field experiment carried out in Rush
Valley, Nevada, a 25-mm precipitation event increased C mineralization rates by
50%, microbial biomass C by 150%, and reduced soluble organic C and N
concentrations by 50% (Hooker and Stark 2008).
SOM resists decomposition via biochemical recalcitrance, chemical stabilization,
and physical protection (Jastrow and Miller 1998). According to Herrmann (2003),
simple compounds such as sugars and protein are first to decompose. SOM that
contains lignin derivates or melanin produced by fungi is more difficult to
decompose and is biochemically recalcitrant (Martin and Haider 1986; Stott et al.
1983). Chemical stabilization occurs when organic matter is adsorbed onto clay or
other mineral surfaces (Swift et al. 1979). Physical protection occurs when organic
matter becomes sterically isolated from microorganisms.
There exists an indefinite number of pools of soil organic carbon (SOC) and
organic N within any particular soil zone, each operationally characterized by a
different rate of decomposition (mineralization). Different groups of researchers have
used different numbers of SOC pools to describe the overall process of SOC
decomposition; for example, Jenkinson and Rayner (1977) modeled the decompo-
sition of SOC using five pools, each having a different half-life, whereas Parton
et al. (1993) and Paul et al. (1995) adopted three SOC pools. Numerous
researchers have used two pools to describe SOC decomposition (e.g., Harrison
et al. 1993; Hsieh 1993), and some researchers have treated SOC decomposition,
assuming there is only one pool (e.g., Clay et al. 2007). In these studies, the
decomposition/decay of the individual SOM pools have been modeled using first-
order kinetics, i.e.,
C ¼ C0e 0:693t=t1=2ð Þ ð0:6Þ
where C is the concentration of SOC at any time t in a particular SOC pool, C0 is
the initial concentration of SOC in a particular pool, and t1/2 is the half-life of the
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decomposing SOC pool. In natural systems, decomposition of SOC is a function of
soil moisture, soil temperature, and other soil chemical and physical parameters
(see, e.g., Leirós et al. 1999); therefore, in an environmental context, decompo-
sition of individual SOC pools is actually not associated with a constant half-life.
Why then can a soil containing an indefinite number of SOC pools, each with a
different decomposition rate, be modeled using a finite range of pool values each
having a specific half-life? Figure 5 suggests an answer to that question. In this
example, the decomposition histories of three pools of SOC having initial
concentrations of 60%, 30%, and 10% and having half-lives of 5, 2, and 1 year
(s) have been idealized. The total residual SOC obtained by summing the three
decomposition curves over time is shown in Fig. 5 as a dashed line. Note that an
exponential function can be fit (howbeit imperfectly) to the residual SOC curve.
This suggests that although the sum of a set of exponential functions does not yield
an exponential function, the sum can be “adequately” fit with an exponential
function. In fact, the decomposition of individual SOC pools is not characterized
by a constant half-life; however, pool decay can be modeled to a greater or lesser
degree assuming a constant half-life.
Physical and chemical fractionation techniques have been used to define and
lump different SOC pools in terms of their relative rate of mineralization. It appears
that most researchers divide the SOC pools into labile (readily degradable) and
refractory (non-degradable) fractions with occasional consideration of a fraction of
intermediate degradability. Post and Kwon (2000) have suggested that the labile
fraction is light-fraction organic carbon contained within particulate plant and animal
residues that is highly decomposable (Boone 1994). Generally speaking, the light
fraction has bulk turnover times ranging from months to a few years. The majority of
SOC is associated with clay-sized (<4 µm) minerals and consists of heavy-fraction
organomineral complexes (Post and Kwon 2000). Turnover times of this fraction are
Fig. 5 Hypothetical exponential decomposition of three pools of SOC with time. The three pools of SOC
have initial concentrations of 60%, 30%, and 10%, and half-lives of 5, 2, and 1 year(s). Note that total
residual organic carbon as a function of time can be fit with a negative exponential (dashed line)
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on the order of decades. Most models of SOC turnover also introduce a pool of
refractory carbon with turnover times of a millennium or two (Parton et al. 1988;
Jenkinson 1990). The refractory pool is thought to contain a nearly inert light-
fraction component (e.g., charcoal) and some very refractory, heavy-fraction
organomineral components.
Parton et al. (1993) have suggested a somewhat different makeup of the three
fractions; that is, the labile fraction consists of live soil microbes plus microbial
products, the intermediate pool consists of resistant plant material (e.g., lignin and
soil-stabilized plant and microbial materials), and the refractory fraction consists of
physically and chemically stabilized SOM.
One simple way to rapidly distinguish between labile and refractory SOC is to
hydrolyze SOC using boiling 6 N HCl (e.g., Martel and Paul 1974; Silveira et al.
2008). The acid hydrolysis effectively dissolves the young labile carbon compounds,
leaving older more refractory carbon compounds in the residue. The 14C age of the
residual carbon generally increases with depth in a soil profile, whereas the amount
of total SOC generally decreases continuously with depth (Paul et al. 1997, 2001;
Fig. 6). Note also that the non-hydrolyzable SOC fraction of the archived (1947–
1949) prairie soils studied by Paul et al. (1997) makes up between 40% and 55% of
total SOC. It is not clear why the hydrolyzable fraction remains relatively constant
with depth. This contrasts with a simple model of the evolution of labile and
refractory SOC pools; that is, one would expect the labile SOC and organic N pools
to decay exponentially with a rapid rate constant and the refractory SOC and organic
N pools to decay exponentially with a much slower rate constant such that the
fraction of refractory SOC and organic N increase with depth (Fig. 7). One
explanation is that labile SOC and organic N were contributed to the soil at depth by
modern roots and root exudates, in the Paul et al. (1997) study. In addition, dissolved
organic carbon (DOC), which is a labile form of SOC, is free to move downward in
the soil zone. The DOC can become attached to mineral surfaces and become
Fig. 6 a Amounts of total soil organic carbon (SOC), hydrolyzable (HYD) organic carbon, and non-
hydrolyzable (NON HYD) organic carbon in Akron, Colorado, soils. b 14C ages of the same soils. This
figure is based on data from Paul et al. (1997)
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resistant to degradation. Addition of 6 N HCL probably freed the DOC from mineral
surfaces, transforming it into labile SOC in the Paul et al. (1997) study. Thus, the
addition of 6 N HCL transforms some organomineral SOC into “apparently” labile
SOC at depth. Differences in the 14C age distributions of the hydrolyzed and non-
hydrolyzed SOC fractions support the existence of one or both of these processes;
that is, the 14C age of the hydrolyzed component is substantially younger than the
14C age of the non-hydrolyzed component in the prairie soil and the difference
between the paired ages increases with depth either in response to a decrease in
rooting density with depth and/or to continuous sorption of DOC along the vertical
flow path (Fig. 6b).
Optimum microbial activity occurs when the SOM C/N ratio is about 25:1
(Myrold 1998). If the ratio exceeds 25:1, then N availability limits biological activity
and N may become immobilized in the microbial biomass. During the late stages of
N mineralization, lignin and its breakdown products can condense with organic N to
form highly stable organic N, thereby reducing net N mineralization (Berg et al.
2001).
The point of the previous discussion, with respect to this study, is that a
substantial amount of the SOC and organic N within the SOC is not amenable to
rapid mineralization. Unfortunately, most mineralization rate studies have been done
using laboratory incubation techniques (see, e.g., Zou et al. 2005) which are not
easily relatable to field mineralization rates; for example, Rasmussen et al. (1998)
compared laboratory and field-based N mineralization rates and showed that
laboratory incubations do not accurately reflect N mineralization in the field.
In general, organic C turnover rates estimated from long-term incubations are
significantly different from field turnover rates, owing to the rapid decline in soil
Fig. 7 Change in the N mineralization rate with depth in semiarid Moroccan soils (data from incubations
experiments in Soudi et al. (1990). Shaded area indicates depth range over which highest N mineralization
rates occur. Note that N mineralization rate is a proxy for C mineralization rate
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microbial biomass during incubation (Fang et al. 2005). Thus, the first-order kinetic
data resulting from these experiments, while useful in defining different pools of
SOM, are not useful in the calculation of agricultural field life, for example, change
in the amounts of organic N and available NO3–N over time. Incubation experiments
are, however, valuable in assessing relative changes in N mineralization rates with
depth; for example, Soudi et al. (1990) used incubation methods to measure N
mineralization rates of eight semiarid Moroccan soils as a function of depth. The
data indicate an exponential decrease in N mineralization rate with depth and serve
to demonstrate that most of the N mineralization occurs in the upper 20–30 cm of
soil (Fig. 7).
Soils in semiarid environments are often deficient in N (Ludwig 1987; Nabhan
1984; Sandor and Gersper 1988; West 1991). Herrmann (2003) has stated that in
general, “Gross nitrogen mineralization is proportional to C mineralization in soils,
so that C mineralization may be used as a predictor for gross N mineralization.”
A mean N mineralization rate is not necessarily applicable to any 1 year because
organic matter mineralization is a function of available soil moisture which is highly
variable (Hoeft and Peck 2002), especially in the Southwest. However, mean
mineralization values should be applicable when averaged over decades.
The range of N mineralization rates (1.5–3.5%/year) reported in the literature
(e.g., Below 2002; Brady and Weil 2008:547) probably refers to mineralization
processes within the plow zone (surface 30 cm of soil) in relatively humid
environments where N fertilizer has been added. This zone contains most of the
available labile organic C and organic N, which tends to mineralize rather quickly.
Therefore, these values may not be appropriate to older soils lower in the soil
column. If a field dedicated to the cultivation of maize is not supplied with organic
matter, over time, labile pools of SOC and organic N become exhausted, leaving
refractory C and N compounds. This results in very low N mineralization rates.
There are three studies that illustrate this principal. Clay et al. (2007) have shown
that at a South Dakota research site, SOC within the 0- to 15-cm depth in fine loamy
sand decreased from 26.8 to 24.0 g/kg between 2000 and 2005. Clay et al. (2007)
have also shown that SOC in the surface 30 cm of a Minnesota silt loam decreased
from 90.8 to 77.9 Mg/ha and from 77.9 to 73.2 Mg/ha from 1980 until 1993 and
from 1993 to 2002. In both areas, plant growth was prevented by routine cultivation.
In another field experiment, undisturbed silty clay–loam soils in Rothamsted,
England were kept bare by hand weeding between 1870 and 1970. During that time
period, SOC decreased from 38 to 21 tons/ha in the top 23 cm of soil (Jenkinson and
Rayner 1977).
The following equation can be used to calculate k (the organic N or C
mineralization rate constant), where t is the time (year) elapsed between measure-
ments of SOC, i.e., t between measurement of Co and C:
ln
C
Co
 
=t ¼ k ð0:7Þ
For the South Dakota site, the SOC mineralization rate between 2000 and 2005
was 2.2%/year. For the Minnesota field, the SOC mineralization rate between 1980
and 1993 was 1.2%/year, and between 1993 and 2002, it had decreased to 0.69%/year.
In the case of the Rothamsted soil, the SOC mineralization rate was found to be
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0.59%/year. If we assume that the N mineralization and SOC mineralization rates
have roughly the same values, these studies demonstrate that the N mineraliza-
tion rate decreases substantially over time in fields that do not receive inputs of
organic C and N.
The overall mass balance equation describing N gain and loss from a soil is
NMIN ¼ NCORN þ NSTOR þ NLOST ð0:8Þ
where available (NMIN), the amount of mineralized N, is the sum of (NCORN), the
amount of NO3–N consumed by the plant, (NSTOR), the amount of NO3–N
temporarily stored in the soil zone, and NLOST, the amount of NO3–N lost from
the soil zone. In subsequent calculations of available N, NMIN is calculated using
NMIN ðtÞ ¼ 1 N0emt ð0:9Þ
where NMIN(t), the amount of N mineralized at time step t, is equal to the initial
amount of organic N (N0) in the 1.51-m
3 root cone and m is the N mineralization
rate. The amount of stored NO3–N is given by
NSTOðtÞ ¼ NMIN ðtÞ þ NSTO t  1ð Þ  NEXT ðtÞð Þ  FSTOðtÞ ð1:0Þ
where NSTO(t − 1) is the amount of N stored in the previous time step, NEXT(t) is the
amount of N extracted by aboveground maize, and FSTO(t) is the fraction of
mineralized N stored in the current time step, that is, the amount that survives the
loss of NO3–N from a 1-m-deep soil zone.
Part of the stored N is contained within the previous crop’s root mass.
Machinet et al. (2009) have shown that the N concentration in the dry matter of six
maize genotypes ranged from 0.8% to 1.4%, averaging 1.0±0.2% N, and data from
Shinners and Binversie (2007) and Fehrenbacher and Rust (1956) indicate that the
root mass is about 14% of the mass of the aboveground plant. In a prehistoric
Native American 1-ac field with 2,000 plants and 440 hills, each hill containing 4.5
plants, aboveground plants in a single hill weigh 1,382 g (Table 2). Therefore, the
root mass associated with each hill weighs 193 g and contains 1.93 g of N, and the
root mass in all 440 hills contains about 850 g N.
In a field experiment in which maize roots were dried, ground to pass a 0.5-mm
sieve, and placed in nylon mesh bags 10 cm below the soil surface, 50% of the root
mass was lost in the first 6 months and 10% of the root mass was lost during the next
6 months (Zibilske and Materon 2005). A projection of the rate of mass loss suggests
that all the root mass would have decomposed within 3 years, releasing all stored N
to the soil zone.
Nitrogen, Phosphorous, and pH
N availability is greatest within a pH range of 6.0–8.0 (Foth and Ellis 1988), and P
availability is greatest within a pH range of 6.0–6.5 (Tisdale et al. 1985). Elevated
soil pH values favor the formation of insoluble phosphate minerals such as
hydroxyapatite (Ca10[PO4]6[OH]2), which limit the amount of phosphate ion (PO4
3−)
released to the solution. It follows that maize yields are optimal when soil pH is
between 6.0 and 6.5.
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Salinity
Salinity (electrical conductivity) measurements are usually made when dealing with
irrigation water; however, the salinity of soil–water associated with dryland settings
also is important. The increased concentration of dissolved solids in soil water
makes it more difficult for plants roots to extract water from the soil, increasing the
value of the permanent wilting point, thereby decreasing the amount of plant-
available water.
In terms of soil–water recharge, it is necessary for some water to percolate below
root depth from time to time or salts will accumulate, increasing soil salinity, which
decreases maize yields. A plot of relative maize yields versus soil–water
conductivity (Fig. 8) indicates that when conductivity exceeds about 1.5 dS/m,
maize yields begin to decline (Ayers 1977).
Scaling Midwestern Nutrient Indicators NO3–N and Available P
Midwestern fields are planted at a density of ∼32,000 plants/ac, whereas early
historic Southwestern fields were planted at a density of approximately 2,000 plants/
ac. If the distance between Midwestern maize rows is set to 1 m, then the distance
between plants in a row is 12.5 cm. Obviously, such a high planting density puts a
great demand on soil nutrients relative to the Southwestern practice of planting four
to five plants on hills spaced 3 m apart; that is, the stover and grain in 32,000 plants
remove 105 kg of N from the soil each year.
The addition of P and NO3–N (in the form of urea or ammonium nitrate)
fertilizers is a common practice in the Corn Belt. The application of inorganic forms
of N fertilizer began accelerating in 1945 (Thompson 1969), and today, the Iowa
Cooperative Extension Service recommends that between 70 and 90 kg N per acre
Fig. 8 Relative maize yields as a function of salinity (data from Ayers 1977)
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be applied if all N is supplied before crop emergence (Blackmer et al. 1997; Fig. 9).
Somewhat more detailed calculations for the addition of N fertilizer that account for
N credits have been produced by the University of Nebraska and reported in
Mortvedt et al. (2007).
NF ¼ 0:454 35þ½ 1:2 Yð Þ  8 NO3ð Þ  0:14 Yð 1:80%OCð Þ þ 0:35f g  NC
ð1:1Þ
where NF, the N fertilization rate (kg/ac), is a function of maize yield Y (bu/ac), the
soil’s NO3 concentration (μg/g), the soil’s SOM (which we have expressed in terms
of the organic carbon percent (%OC), using a relationship developed by Ranney
1969), and other N credits (NC), e.g., addition of NO3-containing irrigation water.
If we apply Eq. 1.1 to fields in Logan County, Illinois, which average 1.04%
organic C in the upper 1 m of soil (U.S. Department of Agriculture 2009 data for
seven soil profiles), we find that if these Midwestern fields are depleted in NO3–N,
approximately 80 kg N per acre should be added to the fields. On the other hand, if
soil NO3–N exceeds 20 µg/g, then N fertilization is unnecessary (Table 3). The effect
of N treatment on grain and stover yields is illustrated for fields in southeastern
North Dakota in Fig. 9 (Derby et al. 2005).
As will be discussed in the following sections, Midwestern agronomists have
developed simple methods for assessing the nutrient status of a maize field based on
available NO3–N and extractable P. Given the lower plant densities associated with
Southwestern Native American fields, is there a way to roughly scale such nutrient
measures so they can be applied to Southwestern Native American fields?
One approach is to assume that the nutrient requirement is a simple function of
plant density; that is, Native American fields need only 2,000/32,000 or 6.25% of
the nutrient loading required by Midwestern field systems. Unfortunately, this
approach does not account for differences in planting patterns. While it is true that
the aboveground plant represents the principal nutrient sink, the crop as a whole
Fig. 9 Grain and stover (plant biomass minus grain and root biomass) yields as a function of the amount
of N added (data from Derby et al. 2005)
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does not extract nutrients in a homogeneous manner from the field; instead, nutrients
are extracted from more or less cone-shaped root volumes that overlap in differing
ways, depending on plant densities and planting patterns.
In the case of the Southwestern crop, the root cone beneath a hill consists of four
or five root systems occupying the same volume (Fig. 10a). Note that for the purpose
of illustration only, near-surface roots are assumed to extend only 1 m outward from
the stalk. In addition, because it is difficult to illustrate the overlapping root volumes,
the overlapping root cones are shown as vertically arrayed triangles. The combined
root system supplies nutrients to four or five aboveground plants; thus, the nutrient
demand on the soil volume occupied by the roots is four to five times greater than
that required by a single plant.
In the Midwestern field, the closely spaced stalks entail the overlap of 16 root
volumes along the row (Fig. 10b). In addition, the 16 overlapping root volumes in
one row overlap 16 overlapping root volumes in an adjacent row (Fig. 10c). For all
practical purposes, maize growing in the Midwestern field is associated with 32
overlapping root volumes; thus, the nutrient demand on the soil volume occupied by
the roots is 32 times greater than that required by a single plant. This implies that the
nutrient demand in a Southwestern root zone is 14% of the nutrient demand in a
Midwestern root zone, all other factors being equal.
It should be noted that hybrid and Southwestern maize varieties do not have the
same ability to extract nutrients from the soil; for example, Sandor et al. (2007) have
shown that Zuni Blue maize is better adapted to mobilizing these nutrients at
elevated soil pH values.
The NO3–N Indicator
Calculations using data contained in Tables 2 and 4 indicate that the average
aboveground maize plant contains 3.3 g N. In a 1-ac field, containing 440 hills with
an average of 4.5 plants/hill, the aboveground plants contain a total of 6.6 kg of N. If
Southwestern Native American maize contained the same proportions of grain,
Table 3 Fertilization Rates for Southwestern and Midwestern Fields
NF (kg/ac) NO3 (ug/g) OC (%) Y (bu/ac)
Southwestern fields
20 0 0.63 10
13 2 0.63 10
9 3 0.63 10
6 4 0.63 10
2 5 0.63 10
Midwestern fields
76 0 1.04 150
58 5 1.04 150
40 10 1.04 150
22 15 1.04 150
4 20 1.04 150
−14 25 1.04 150
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stover, and cob as modern hybrid maize, 5.8 kg of N would be consumed by
aboveground plants producing 10 bu (254 kg) of grain (Tables 2 and 4). However,
given prehistoric grain loss due to plant disease, insect, and animal predation, 6.6 kg N
value will be assumed to have been consumed in the production of 10 bu/ac of
prehistoric Southwestern maize.
No consistent recommendation exists for rapid estimation of the N mineralization
capacity of a soil. In general, chemical extraction methods are wanting because they
do not replicate the action of soil microorganisms responsible for N mineralization,
and while biological incubations under standardized conditions are reasonably
reliable, they take too long and are too labor-intensive for practical use (Bremmer
1965).
Fig. 10 Root cone densities associated with different planting patterns. a Archetypal planting pattern used
by early historic Southwestern Native Americans (4.5 plants per hill and 2,000 plants per acre); view is
down row. b Archetypal modern Midwestern planting pattern (32,000 plants per acres and 1-m distance
between rows); view is along row. c Midwestern planting pattern; view is down row. Vertically arranged
and numbered triangles indicate root cones that actually are at the same depth below the field surface
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Wang et al. (2001) evaluated several chemical indices of N mineralization
capacity and concluded that “none of the chemically hydrolyzed N fractions
consistently showed closer relationships with N mineralization (measured by
incubation experiments) than total organic N, suggesting that these chemical methods
are ineffective in extracting a biologically labile fraction of soil organic C.” Recognizing
that estimates of N availability based on soil NO3–N concentrations are of limited value
because of the transient nature of NO3, preplant soil profile NO3 tests can still provide
a useful means of assessing the probable contribution of soil NO3 to crop N needs
(Dahnke and Johnson 1990; Hergert 1987); postplant measurements of the concentra-
tion of NO3–N in the soil when plants are 15–30 cm tall are particularly useful.
With respect to the Southwest, Doerge (1985) has suggested that when the
preplant NO3–N value is <5 µg/g in the upper 30 cm of the soil in Arizona, fertilizer
should be applied. Unfortunately, Doerge (1985) does not specify to what plant
density this values applies. Mortvedt et al. (2007) has recommended that the rate of
N fertilization be reduced 3.6 kg for each microgram per gram NO3–N in the upper
60 cm of soil.
Because much of the fertilizer N applied in the early spring in humid areas is often
lost from the plow zone (surface 30 cm) before the plants are 15 cm tall, some soil
scientists have suggested testing the soil for NO3–N when the plants reach 15 cm
(Blackmer et al. 1989). However this analysis is less useful when the spring is
typically cool and dry and where the soil is highly leachable and unstructured (Bundy
and Meisinger 1994), for example, the semiarid American Southwest. Studies across a
wide range of environmental conditions indicate that when plants are 15–30 cm tall,
NO3–N concentrations in the range 20–25 µg/g result in optimal maize yields (Bundy
and Meisinger 1994; Fox et al. 1989; Magdoff et al. 1984; Schroeder et al. 2000).
Unfortunately, we do not know how the NO3–N is distributed within the top
meter of soil in the studies referenced above; however, if it is uniformly distributed
with depth, the optimal 20–25 µg/g NO3–N range implies that a 1-m-thick 1-ac field
contains between 121 and 152 kg of NO3–N (assuming a soil density of 1.5 g/cm
3).
This amount of N would certainly counter much of the 106 kg of N extracted from
Table 4 Nitrogen and Phosphorus in Corn Dry Matter
Grain Stover Cob Stover and cob Source
%N 1.44 0.81 0.33 0.74 1
1.59 0.71 3
1.54 0.67 3
1.36 0.65 4
Average 1.48 0.69
%P 0.301 0.061 0.048 0.055 1
0.297 0.129 2
0.33 0.084 4
Average 0.308 0.089
1 Sawyer and Mallarino (2007); 2 Sawyer et al. (2008); 3 Hay et al. (1953); 4 Barber and Olson (1968)
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the soil by aboveground grain and stover grown in the Midwest at a density of
32,000 plants/ac. However, a Midwestern root cone contains only 45–57 g of the
106 g of NO3–N necessary to support 32 maize plants. Thus, only about half of the
N consumed by Midwestern maize is available in the overall root zone volume when
the NO3–N is between 20 and 25 µg/g.
Our derived nutrient scaling factor indicates that the soils of Southwestern fields
planted in a Native American style should optimally contain 3–4 µg/g NO3–N. A
Southwestern root cone with this range of NO3–N contains only 6.8–9.1 g of the
14.8 g of NO3–N necessary to support 4.5 maize plants. However, if the cone
contains a labile organic N concentration of 0.030% (the mean study area value—see
“Nitrogen and Carbon in Study Area Soils”), then a N mineralization rate of 1.5%/yr
results in the production of 10 g of NO3–N, which is sufficient to supplement the
growth of 4.5 maize plants occupying a single root volume.
The P Indicator
Maize dry matter is composed of 0.19% P, and an average hybrid maize plant
contains 0.61 g P (Tables 2 and 4; Shinners and Binversie 2007). Therefore, the
aboveground parts of 32,000 maize plants in a Midwestern field extract 19.52 kg P
per acre and the aboveground parts of 2000 Southwestern Native American plants
extract 1.22 kg P per acre.
Unlike NO3–N, PO4–P is not released by decay of an organic precursor. Instead,
its solution concentration is mostly controlled by the solubilities of calcium
phosphate mineral phases and by P release from sorption sites on aluminum and
iron oxides and oxyhydroxides (see, e.g., Boehm 1971; Mattson and Pugh 1934).
There are three principal methods used to determine available P (PAV) in soils—the
Mehlich-3, Bray-1, and Olsen-P procedures. Details of each of these P extraction
techniques can be found in Pierzynski (2000). The Olsen-P method is primarily used
in the western USA and is best suited for calcareous soils. Sawyer et al. (2008)
recommend an optimum Olsen-P range of 11–14 µg PAV per gram soil for Midwestern
maize yields of 150 bu/ac (equivalent to ∼32,000 plants/ac). A 1.51-m3 root cone with
a soil density of 1.5 g/cm3 would contain 25–32 g PAV, and the roots of 32 overlapping
maize plants would extract 19.5 g P. Therefore, the amount of PAV in the optimum
range exceeds the amount of P extracted by maize (note that this calculation ignores
the P contained in the organic root ball). Given that the Midwestern field nutrient
demand is 7.1 times that of a Southwestern Native American field, 1.5–2.0 µg PAV per
gram soil of Olsen-P should be sufficient for a Southwestern maize crop.
An Evaluation of Maize Agriculture Within the Overall Study Area
Climate of the Study Area
Indices of Climate Change
As previously summarized by Benson et al. (2007), during the past 1,000 years,
drought in the Four Corners region can often be associated with two climate
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indices—the Pacific Decadal Oscillation (PDO) and the Atlantic Multidecadal
Oscillation (AMO). The PDO has a spatial pattern similar to the El Nino Southern
Oscillation (ENSO) (Mantua et al. 1997); that is, during positive phases of the
PDO, the Southwest tends to be wetter than average and during negative phases of
the PDO, the Southwest tends to be drier than average. However, the PDO has a
very different time constant, having a pseudo-cyclicity ranging from 50 to 70 years
(MacDonald and Case 2005), whereas typical ENSO events occur every 4 to
7 years and persist for only 6–18 months. A positive PDO phase is associated with
warmer-than-normal temperatures in the eastern equatorial Pacific Ocean and
cooler-than-normal temperatures in the northwest Pacific Ocean.
The AMO is an index of detrended sea surface temperature (SST) anomalies that
are averaged over the North Atlantic Ocean from 0 to 70° N (Kerr 2000). The
detrended AMO index has been associated with multiyear precipitation anomalies
over North America, and it has been shown to influence summer precipitation over
the USA (Enfield et al. 2001). During the instrumental period (1856–2005), the
AMO has exhibited a 65- to 80-year pseudo cycle.
Atmospheric modeling has demonstrated that the drought of the 1930s, which
affected approximately two thirds of the contiguous USA, was associated with
warmer-than-normal North Atlantic SSTs (positive AMO) and colder-than-normal
equatorial Pacific SSTs (negative PDO; Schubert et al. 2004). McCabe et al. (2004),
using drought frequency climate data for the period 1900–1999, have demonstrated
that the southern part of the western USA tends to experience drought when the
AMO is positive and the PDO is negative. Brown and Comrie (2002) and Ni et al.
(2002) have shown that winter precipitation in New Mexico is positively correlated
with the PDO, and Fye et al. (2003) have shown that times of positive AMO and
negative PDO produce western droughts that are spatially similar to the 1950s
drought. The 1950s drought actually occurred between 1946 and 1956 and was
especially severe in the Southwest. During the 1950s drought, both winter and
summer precipitation regimes declined dramatically. Thus, in the historical period, a
negative PDO and a positive AMO are nominally associated with drought in the
study area.
To determine the relation of water-year (October 1 of the prior year through
September 30 of the water-year) precipitation in the study area to negative and
positive PDO intervals, Benson et al. (2007) analyzed historical climate records from
15 sites (weather stations) in New Mexico and Colorado. The data indicate that a
negative PDO interval is characterized by reduced water-year precipitation.
In order to look back farther in time, before the instrumental period, we must turn
to proxies for the PDO, AMO, and drought. Tree ring (D’arrigo et al. 2001;
Gray et al. 2004) and coral chemistry (Linsley et al. 2000) records have been used
to reconstruct fluctuations in the PDO and AMO for about the past 300 years.
Benson et al. (2007) compared these climate indices with tree ring-based
reconstructions of summer PDSI for northwestern New Mexico site #119 (Cook
et al. 2004) and with reconstructions of annual precipitation for Chaco Canyon and
demonstrated that prehistoric drought in the San Juan Basin was generally
associated with a positive AMO and a negative PDO.
Recently, a much longer PDO record (A.D. 993 to 1996) was constructed by
MacDonald and Case (2005). Benson et al. (2007) compared this record with tree
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ring-based of precipitation records for Chaco and the Chuska Mountains as well as a
PDSI record for northwestern New Mexico and showed that negative oscillations in
the PDO were associated with the middle-twelfth and late-thirteenth century
megadroughts. This suggests that during megadroughts, winter frontal systems
associated with the positioning of the polar jet stream remained north of the San Juan
Basin.
Precipitation
Contour plots of precipitation data from 140 weather stations in the study area
(Electronic Supplementary Materials (ESM) Table 12) indicate that northwestern
New Mexico and northeastern Arizona are deficient in annual precipitation with
respect to the dryland production of maize (Fig. 11a). The same holds true for
summer (June, July, August, and September) precipitation (Fig. 11b). Precipitation in
southwestern Colorado is winter (October through March) dominated (Fig. 11c),
whereas the southeastern and northeastern parts of the study area receive as much
summer as winter precipitation (Fig. 11d).
Summer precipitation is delivered to the study area via the North American
Monsoon (NAM). The NAM typically occurs from July 1 through September 30,
with the bulk of moisture advected from the eastern tropical Pacific Ocean and the
Gulf of California (Adams and Comrie 1997). Southern Arizona, eastern Arizona,
New Mexico, and south-central Colorado receive precipitation related to the NAM;
however, rainfall amounts are much more variable than in northwestern Mexico
which receives up to 70% of its annual rainfall in July, August, and September. The
spatial and temporal variability of the NAM is due to the fact that it generates highly
localized convective events (thunderstorms; McDonald 1956).
Benson et al. (2007) have shown that long-term tree ring-based reconstructions of
precipitation in and around the San Juan Basin are nearly identical to tree ring-based
reconstructions of the PDSI. Thus, we consider that tree ring-based PDSI
reconstructions for sites within the southern Colorado Plateau primarily reflect
variability in winter moisture. This suggests that prehistoric megadroughts, including
the middle-twelfth and late-thirteenth century megadroughts that impacted south-
western Native American cultures, were primarily characterized by dry winters.
Growing Degree Days
The calculation of GDD used in this study for maize differs from that tabulated by
theWestern Regional Climate Center (2009). In this study, GDD was calculated for the
four summer months (June through September). Degree days were only accumulated
for the mean freeze-free period (90% probability) and were centered on August 1; for
example, if the freeze-free period was 100 days, the calculation would begin on June
12 and end on September 15.
Contour plots of GDD (ESM Table 1 and Fig. 12) determined at 125 weather
stations in the study area indicate that much of the San Juan–La Plata mountain
region in southwestern Colorado is too cold (<1,000 GDD) for the production of
2 A map showing the locations of weather stations in the study area is shown in ESM Fig. 1.
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maize. This also holds true for the Sangre de Cristo mountain area as well as the area
south of Chaco that lies just east of the New Mexico–Arizona border.
The Chemistries of Study Area Soils
In the following, four parameters used by modern agronomists and farmers to assess
field fertility and nutrient availability are discussed, including salinity/electrical
conductivity (EC), pH, available phosphorus (PAV), and NO3–N. The distribution of
organic N (proxied by organic C), EC, and pH within the study area are illustrated
using soil pedon data collected from between 235 and 290 sites and tabulated by the
Natural Resources Conservation Service (U.S. Department of Agriculture 2009).
A pedon is essentially a soil profile exposed within the wall or walls of a pit. Field
observations of the morphology of the soil are combined with physical and chemical
Fig. 11 a Contour plot of mean annual precipitation (periods of record) within the study area. C Chaco
Canyon. b Summer (June, July, August, and September) precipitation within the study area. c Winter
(October, November, December, January, February, and March) precipitation within the study area. d.
Summer precipitation as percent of annual precipitation
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measurements of individual soil units within a pedon in order to describe and
classify it. Each unit consists of a volume of soil having a relatively invariant set of
physical properties such as texture and color (Wilson and Artiola 2004). Measure-
ments of unit thickness, density, grain size, EC, moisture content, and pH are
commonly made. Measurements of total or organic C and N are less common, and
measurements of plant nutrients such as PAV and NO3–N are generally unavailable
for soils in the study area.
Nitrogen and Carbon in Study Area Soils
The ratio of organic carbon to organic N (C/N) in 670 soil samples from the study
area is 10.6±4.5 (Fig. 13b and ESM Table 23; U.S. Department of Agriculture
2009). The average organic C content in the top 1 m of soil in 192 pedons from the
study area is 0.63±0.58% (Fig. 13a and ESM Table 2); therefore, the average
organic N content of the soil is approximately 0.060%. The average density of the
1,193 soil samples in the study area is 1.55±0.40 g/cm3 (U.S. Department of
Agriculture 2009); therefore, a 1-m-deep 1-ac field contains, on average, 37 kg of
organic N.
The first, second, and third quartiles of the organic C values of the top 0.5 m of
soil in the study area are, respectively, 0.37%, 0.62%, and 1.18%; quartile organic N
values associated with the organic C values are, respectively, 0.035%, 0.059%, and
0.111%. The organic C concentration in the top 50 cm of 235 soil pedons (ESM
Table 2) is contoured in Fig. 14. This plot indicates a tongue of low organic C
concentration running southeastward from the Four Corners. The San Juan Basin
comprises much of the area that has organic C concentrations that fall below 0.4%
Fig. 12 Contour plot of growing degree days (GDD) within the study area. C Chaco Canyon
3 A map showing the locations of soil pedons in the study area is shown in ESM Fig. 2.
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and the northeastern part of Arizona also is organic C-deficient. This suggests that
organic N also may be deficient with respect to maize productivity in both areas.
Calculations using the data in Tables 2 and 4 and data from Shinners and
Binversie (2007) indicate that the average hybrid maize plant contains 3.3 g N and
0.61 g P. Thus, the raising of 2,000 plants/ac in a Southwestern Native American
field consumes 6.6 kg N and 1.22 kg P. However, the application of the average
value of N consumption to a 1-m-deep 1-ac field does not provide the most accurate
way of calculating how many years the average soil in our study area would remain
viable for an annual crop without the need for additional fertilizer. Instead, we
choose to calculate field life using the fact that the root volume that accesses soil
NO3–N is in the form of an inverted cone having a 1.2-m radius, a 1.44-m
2 basal
area, a 1.0-m height, and a 1.51-m3 volume. This does not imply that the root ball
Fig. 13 a Histogram indicating the distribution of organic carbon (OC) in the top 1 m of soil from 192
soil pedons within the study area. b Correlation of total N (TON composed of mostly organic N) with
organic carbon within 670 samples from soil pedons within the study area
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occupies the same field volume year after year; in fact, the Zuni annually shifted
their hills 10–13 cm downwind from the location of the previous year’s stalks
(Cushing 1920). If we assume a 12.5-cm shift and a hill spacing of 3 m, it would
take 24 years for the cone-shaped root mass to move from one row to an adjacent
hill row.
Previous discussions have demonstrated that much of the organic C and organic N
in the top 1 m of soil is recalcitrant, non-hydrolyzable, and, therefore, essentially
inert (see, e.g., Figs. 6 and 7). Data on the non-hydrolyzable content of Southwestern
soils is lacking; however, data for other regions of North America (Table 5) suggest
that approximately 50% of the upper 30–50 cm of North America soils is
mineralization recalcitrant. Given the low amounts of mineralizable C and N below
50 cm (Fig. 7), the following calculations of field life assume that 50% of the total
organic C and N in the upper 50 cm of Southwestern fields is unavailable for N
mineralization. Extraction of N from only the upper 50 cm of soil is also consistent
with data on elevated salinities of deeper soils in the study area. The highly saline
soils below 50 cm are often detrimental to maize growth and root development (see
“Salinities of Study Area Soils”).
For our demonstration calculation of prehistoric Southwestern agricultural field
life (Eq. 0.9), we set N0 to 614 g organic N (the amount of organic N in the top
0.5 m of a root ball having a soil volume of 1.32 m3, a soil density of 1.55 g/cm3,
and a labile organic N concentration of 0.030%—half the median value in the upper
50 cm of soil). In addition, it is assumed that m (the mean rate of mineralization)
ranges between 1% and 3%/year, and NEXT (the amount of NO3–N consumed
annually, see Eq. 1.0) is equal to 14.85 g/year (4.5 plants×3.3 g/plant). FSTO (the
fraction of excess NO3–N stored in the soil annually, see Eq. 1.0) is set to either 0.0
or 0.5.
Fig. 14 Contour plot of percent total organic carbon (TOC) in the top 50 cm of soil within the study area.
The average TOC value for the top 1 m of soils in the study area is 0.63% and the median value is 0.47%.
Data for the top 50 cm of soils have been contoured because there is substantially more data for 50 cm
than for 100 cm. C Chaco Canyon
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Plant-available N is mostly in the form of NO3
− which carries a negative charge.
Given that most mineral surfaces also carry a negative charge, conversion of organic
N to NO3–N is accompanied by substantial losses of NO3
−, which percolates through
the soil zone during the first year of application; that is, studies have shown that often
more than half of the N applied is lost from Midwestern fields (FSTO=0.50) by
processes other than crop harvest (see, e.g., Allison 1955; Cerrato and Blackmer 1990;
Hesterman et al. 1987; Timmons and Cruse 1990). The lost NO3
− probably represent
nearly all NO3–N not consumed by the maize.
Table 5 Soil Total Organic Carbon (TOC) and Non-hydrolyzable Carbon (NHC)
Site information Soil depth (cm) TOC (g/kg) NHC (%)
Soil: loam 0–10 14.7 56
Setting: native prairie 10–20 10.1 45
Site: Akron, Colorado 20–30 9.2 44
Reference: Follet et al. (1997) 30–60 5.4 29
Soil: silt loam 0–23 13.0 79
Setting: orchard grass meadow 23–30 4.4 75
Site: Coshocton, Ohio 30–46 2.4 71
Reference: Lorenz et al. (2006) 46–69 1.9 75
Soil: silt loam 0–28 9.7 73
Setting: continuous no-till corn 28–36 3.5 78
Site: Coshocton, Ohio 36–51 2.0 79
Reference: Lorenz et al. (2006) 51–74 1.5 82
Soil: various (n=30) surfacea 55
Setting: transect (n=18) subsurfaceb 44
Site: Michigan, Arizona, Great Plains
Reference: Leavitt et al. (1996)
Soil: various 0–20 17.9 49
Setting: grassland in continuous corn 25–50 8.7 45
Site: Lamberton, Minnesota 50–100 4.3 48
Reference: Paul et al. (2001)
Soil: various 0–20 17.3 50
Setting: grassland in continuous corn 25–50 8.5 35
Site: Arlington, Wisconsin 50–100 3.0 30
Reference: Paul et al. (2001)
Soil: various (n=115) 0–10 44
Setting: grassland (n=30) 10–20 46
Site: North America (n=7) 20–30 34
Reference: Paul et al. (2006)c (n=4) 40–50 71
(n=6) >50 71
a Surface samples were collected from 0–10, 0–15, or 0–30 cm
b Subsurface samples were collected from 10–20 up to 90–120 cm
c Paul et al. (2006) NHC values refer to mean values
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The low plant densities favored by Southwestern Native Americans also favor
loss of NO3–N. The root volume associated with a hill of Southwestern Native
American maize is 1.51 m3; thus, the total root volume associated with 440 hills in a
1-ac field is 664 m3 or only 16.4% of the total field volume. Therefore, 83.6% of the
volume of a 1-ac field lacks maize roots in any particular year, and most of the NO3–
N produced annually within the unoccupied volume is free to pass through the field
without being accessed by maize. It follows that a FSTO value of 0.0 most closely
approximates the fraction of NO3–N stored in Southwestern Native American field.
However, this does not account for the organic N carried over in a previous crop’s
root system.
The rate of N mineralization affects field life; for example, field life is >0 years
only when the rate of mineralization (m) is equal to 3.0%/year (Fig. 15a, b). The
carryover of 50% of the excess NO3–N does not substantially increase field life.
Note that field life will remain the same for plant densities <3,150 plants/ac
(700 hills/ac), i.e., until the 2.4-m diameter root cones begin to overlap. This implies
that a plant density of 700 hills/ac could produce 17.5 bu of grain without additional
loss of productivity.
In Fig. 15c, the change in NO3–N over time is shown for fields containing study
area first, second, and third quartile values of organic N (respectively, 0.035%,
0.059%, and 0.111% N), equivalent to 364, 614, and 1,155 g of labile organic N in
the 0.5-m-deep soil frustum. The rate of mineralization has been set to a very high
value, i.e., 2.0%/year. If the value was set to 1.0%/year, none of the fields is capable
of producing a 10-bu/ac crop of maize. As it stands, only the fields with N exceeding
the third quartile value are able to produce a crop for an extended period of time
(21 year). It is obvious that nearly three quarters of the study area does not contain
sufficient organic N to produce a 10-bu/ac crop of maize during even the first year of
cultivation. It should be noted, however, that these calculations do not account for
the possibility of organic N being transported to the agricultural fields. Neither do
they account for the possibility of planting less than an average of 4.5 plants per hill.
As will be discussed in the “Nitrogen Sources,” Zuni agricultural practices entailed
the natural transport of organic N to their field systems which greatly prolonged field
life.
The preceding calculations of the production of available NO3–N over time may
be somewhat simplistic and overgenerous in terms of productivity in that they
assume that the NO3–N reservoir is well mixed and that NO3–N produced in the
lower part of the soil zone is not lost before roots reach that depth. In addition, the
semiarid West generally favors a low mineralization rate; that is, the mineralization
rate may never reach 3.0%/year even in wet years.
Obviously, NO3–N is not free to move laterally within the 1-m-deep soil zone;
therefore, the assumption of a well-mixed reservoir within the root cone implies that
the maize’s roots are able to systematically access the entire 1.51-m3 volume. Root
length density, mass, and volume decrease exponentially with depth (Dwyer et al.
1996; Fehrenbacher and Rust 1956; Qin et al. 2006) and the root volume expands and
deepens with time; for example, root length density contours descend relatively slowly
over a 16-week growing period. The soil volume containing >10,000 m roots/m3 soil
descends through 5, 10, 20, 30, 40 and 45 cm at, respectively, 6, 8, 10, 12, 14, and
16 weeks (Nakamoto 1989). Root biomass plateaus at about 60 days (Amos and
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Walters 2006) at approximately the same time as the plateau in LAI (Lindquist et al.
2005). During the early part of the growing season, NO3–N produced by the
mineralization of organic N in the lower part of the soil zone may be lost from the
field and NO3
−. Note that leaching is more efficient in coarse-grained soils typical of
those commonly found in the study area (Bundy and Meisinger 1994).
Fig. 15 Productive lifetimes of
study area maize fields with
2,000 plants/ac. a NO3–N pro-
duction when a field initially
contains the median study area
value of organic N (0.059%) and
when excess NO3–N is lost after
maize consumption of available
NO3–N. Mineralization rates of
1%, 2%, and 3% are used in the
calculations. b NO3–N produc-
tion when fields start with me-
dian study area value of organic
N (0.059%) and half of the
excess NO3–N is carried over
after maize consumption of
available NO3–N. Mineralization
rates of 1%, 2%, and 3% are
used in the calculations.
c NO3–N produced over time
when fields start with first
(0.035% N), second (0.059% N),
and third (0.111%N) quartile (Q)
values of study area organic N.
Calculations were done in a and
b using organic N mineralization
rates of 1.0%, 2.0%, and 3.0%/
year. Calculations were done in
c using an organic N minerali-
zation rate of 2%/year. Field life
(in years) is shown by numbers
near/above the shaded rectan-
gles. In all cases, 50% of the
organic N in the upper 50 cm of
the soil was considered labile.
Shaded areas indicate times
when root-available NO3–N is
insufficient to produce 10 bu/ac
of maize
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Questions also remain as to whenNO3–N is produced and when is it leached. Timing
of NO3–N availability is critical because in maize, 45–65% of the grain N is provided
from preexisting N stored in the stover, and the remaining 35–55% of grain N
originates from post-silking N uptake (Gallais and Coque 2005; Ta and Weiland 1992).
The principal environmental factors controlling N mineralization from SOM are
water and temperature (e.g., Jarvis et al. 1996; Waksman and Gerretsen 1931). In
ecosystems that receive <60 cm of mean annual precipitation (most of the study
area), primary production is primarily controlled by water availability (Lieth 1975;
Noy-Meir 1973; Sala et al. 1988).
The NO3 content of an agricultural soil in a humid temperate climate, such as in
the Midwestern USA, is lowest in winter (due to leaching), increases in the late
spring and early summer (initiation of N mineralization), decreases during middle
and late summer (crop uptake), and increases again in the autumn (continued
mineralization without crop uptake; Harmsen and Van Schreven 1955). This pattern
does not hold for Southwestern soils. The factors discussed above suggest that the
values of field life calculated above probably represent maximum values. We should
also point out that modern Midwestern maize grows to an average height of 2.3 m
and Southwestern Native American maize accessions, to which abundant fertilizer
and water are added (Adams et al. 2006), produce blue and white varieties of Hopi
maize that reach mean heights of 2.35 and 2.03 m. However, under rain-on-field
conditions, blue and white flour varieties of Hopi maize only reach a height of
∼1.3 m (Brown et al. 1952; Soleri and Smith 1995). This would suggest that
hydrologic and nutrient stress factors in the American Southwest do not allow the
maize plant to flourish.
In terms of grain yield, archaeological maize was much less productive than
present-day Southwestern Native American maize when the latter receives abundant
fertilizer and water. Hopi blue and white maize grown under optimal environmental
conditions have mean cob diameters and lengths of, respectively, ∼4.2 and ∼18.3 cm
(Adams et al. 2006). In contrast, unburned archaeological cobs are much smaller; for
example, 20 cobs from Chaco Canyon archaeological contexts have an average
diameter of 2.0 cm and an average length of 7.1 cm (L. Benson, unpublished data).
If we treat the cobs as cylinders, the lateral surface areas of the cobs grown under
optimal conditions are 5.4 times the lateral surface areas of the archaeological cobs,
implying that on a cob-for-cob basis, the former produce much more grain than the
latter. This suggests that archaeological maize was usually much smaller and much
less productive than modern hybrid and Southwestern Native American maize, both
of which have received abundant water and fertilizer (Adams et al. 2006).
Thus, the productivity of archaeological field systems may, in general, have been
substantially <10 bu/ac when 2,000 plants were grown. For example, Muenchrath
et al. (2002) documented that the Zuni in 1998 produced an average yield of
12.2 bu/ac from three fields, having an average plant density of ∼4850 plants/ac or
almost 2.5 times the plant density used in the preceding calculations.
Nitrogen Sources
How is the soil N reservoir replenished in the study area? Zuni agricultural practices
provide an example of sustainable agriculture within the southern part of the study
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area. The Zuni practiced runoff (ak-chin) farming (Brandt 1995; Ferguson and Hart
1985; Muenchrath et al. 2002) on valley margin alluvial fans and mesa footslopes
where storm waters from upland watersheds were diverted to fields and managed
using earthen and wooden berms as well as shallow ditches (Muenchrath et al.
2002). Cushing (1920) described an example of runoff farming at Zuni that took
place in the late 1800s. Clearing of the field took 2 years. In the first year, the field
was outlined with a ridge of soil and the existing vegetation was cut and burned in
the center of the field. Low brush and earthen dams were constructed perpendicular
to the slope of the upper part and center of the field. These structures acted to deflect
and spread runoff as it flowed downward across the field (Cushing 1920).
Jon Sandor and his colleagues, in a series of seminal biogeochemical studies
(Homburg et al. 2005; Norton et al. 2003, Norton et al. 2007a, b; Sandor et al.
2007), have described the transport and transformation of N-containing organic
matter in three watershed field systems in the Zuni Reservation, New Mexico. Zuni
fields are located at relatively high elevations in order to balance the freeze-free
period with precipitation requirements. Watershed/field ratios average about 20–25:1
in the Zuni field systems. Zuni winters and early springs are characterized by
frequent freeze–thaw cycles that cause microbial and physical breakdown of forest
litter, and wet–dry cycles that occur in early summer enhance decomposition of
organic matter accumulated on the alluvial fan since the previous rainy season.
Simply put, sediments and organic debris, mainly derived from the high-elevation
parts of the watersheds, are transported in runoff pulses down side-valley alluvial fan
systems to field sites. The organic-rich sediments eventually arrive at the fields in
various stages of decomposition with lower intensity precipitation–runoff events
transporting higher quality, more decomposed organic matter. Thus, organic N is
sporadically transported to Zuni fields via ephemeral side-tributary fan systems.
But what is the source of the N consumed by the plants that supply the organic
matter to the alluvial fan systems? Norton et al. (2007a) demonstrated that sediments
associated with oak, pinyon, and juniper trees contained substantial amounts of
organic C (40–80 g/kg); however, these plants must originally obtain the N they
need to grow from some other source. White and Thomas (1999) found that N in
Zuni precipitation ranges from only 0.1 to 0.5 mg/L and Sandor et al. (2007)
suggested that frequent lightning storms that characterize the Zuni region may fix
substantial amounts of N.
With respect to the White and Thomas (1999) study, precipitation falling in the
western USA contributes 0.4–1.2 kg N per acre annually; however, human activities
account for more that 90% of NOx (NO+NO2) emissions (Porter et al. 2000). Thus,
the 0.1–0.5 mg/L N value reported by White and Thomas (1999) probably is not
representative of preindustrial N concentrations.
Estimation of NOx production by lightning (LNOx) remains a difficult task.
Recently published studies indicate that N production rates vary between 0.9
(Nesbitt et al. 2000) and 12.2 Tg N/year (Price et al. 1997); however, most studies
estimate the total LNOx value to be close to 5 Tg N/year (see, e.g., Huntrieser et al.
1998; Tie et al. 2002; Wang et al. 1998). The 5 Tg N/year value amounts to a N
deposition rate of 0.14 kg/ac on land surface—if lightning occurs only over land and
if the N is completely rained out. This value is consistent with the value of the non-
anthropogenic fraction of N in precipitation falling in the western USA.
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Given that a 10-bu/ac maize crop extracts from 5.8 to 6.6 kg N per year, lightning
could only replace <2% of the N consumed by 10 bu of maize. Thus, we must seek
another source of N. The best N source candidates are N-fixing plants, e.g., Lupinus
spp. (lupine), Purshia tridentata (antelope bitterbrush), and Cercocarpus montanus
(mountain mahogany), which are common to the pinyon–juniper forests of the
semiarid West. A recent study by Smith (2004) has demonstrated that litter
decomposition of Purshia leaves contribute from 3.2 to 26.3 kg N per acre per
year at Mesa Verde National Park. In addition, free-living cyanobacteria in
Cryptobiotic crusts contribute between 3.6 and 16.6 kg N per acre per year to old
pinyon–juniper woodlands in the Four Corners area (Belnap 2002; Evans and
Ehleringer 1993; West 1990). It is therefore suggested that N-fixing plants comprise
the ultimate source(s) of N transported to maize fields in the overall study area.
Salinities of Study Area Soils
EC measurements by the National Resources Conservation Services laboratory on
saturated soil pastes (U.S. Department of Agriculture 2009) were used to construct
an EC contour plot for the study area. The plot (Fig. 16a and ESM Table 2) indicates
that surface salinity does not restrict the growing of maize within most of the study
area (EC < 1.5 dS/m). Note that the elevated EC values contoured in the far western,
northeastern, and southeastern parts of the study area are not well constrained by
data (ESM Fig. 2).
The salinities of surface soils do not tell the full story in that the ECs of many of
the soils increase rapidly with depth (Fig. 17 and ESM Table 2). A contour plot of
EC at a depth of ∼1 m (Fig. 16b and ESM Table 2) indicates that the deeper soils at
many pedon sites would restrict maize growth in the study area. In particular, a
region running diagonally from northwest to southeast across the Four Corners
contains very saline (>5 dS/m) soils at depth.
Fig. 16 Contour plots of electrical conductivity of soils in the study area at depths of near zero (a) and
1 m (b). C Chaco Canyon
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Of the 140 soil pedon sites that have EC profiles that reach below 0.5 m, 105
(75%) indicate a substantial increase in EC with depth. To avoid such high-salinity
zones, the roots of maize would have to extend themselves laterally, confining
themselves to an upper low-salinity zone. This may be one reason that Southwestern
Native Americans landraces were planted in widely spaced hills. If the roots of
maize are restricted to the upper half meter of the root cone, i.e., the overall root
mass is confined to a frustum with radii of 1.2 and 0.6 m and a height of 0.5 m, the
volume of the root ball is reduced to 1.32 m3. This would entail a loss of 13% of the
initially available organic N and implies that even fewer regions in the study area
were able to produce 10 bu/ac of grain via dryland farming.
The pH of Study Area Soils
Determinations of soil pH are usually done on a saturated paste or on a 1:1 soil/
deionized water solution that is left standing for 1 h before measurement. All
measurements in this paper are relative to the 1:1 solution. Correction of saturated
paste to 1:1 pH values was done using the relationship indicated in Fig. 18 (ESM
Table 2). A soil surface pH contour map (Fig. 19a and ESM Table 2), based on 298
soil samples (U.S. Department of Agriculture 2009) collected from the study area,
indicates that few sites in the study area possess a pH that is optimal for maize
growing; for example, the entire central San Juan Basin is associated with elevated
pH values (>8.5).
There is a tendency for pH to increase with depth in many of the soil pedons;
72% of the pedons (n=246) had 1-m pH values that exceeded surface pH values.
Soil pH values from a depth of ∼1 m are concentrated within the 7.5 to 9.0 pH
interval (Fig. 20b and ESM Table 2), whereas surface soils have relatively more
values in the 5.0 to 7.5 pH range (Fig. 20a and ESM Table 2). A contour plot of soil
pH values from ∼1-m depth (n=251) indicates that all but the mountainous
northeastern region of the study area have elevated pH values (Fig. 19b and ESM
Table 2) outside the optimum range (pH 6.0–6.5) for P availability (PAV).
Fig. 17 Plots of typical soil electrical conductivity (EC) profiles from soil pedons within the study area
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Approximately 60% of these samples have pH values outside the optimum range of
N availability (NAV; Fig. 20b and ESM Table 2).
Native American Practices Designed to Optimize Maize Yields
In the following, Native American practices of water diversion, water concentration,
evapotranspiration mitigation, and planting that were designed to optimize the
growing of maize in a semiarid agricultural environment are discussed. In this paper,
Fig. 18 Correlation of pH measurements on saturated soil pastes (pHSP) with pH measurements on1:1
(soil/water) solutions (pH1:1)
Fig. 19 Contour plots of the pH of surface soils (a) and 1-m soils (b) in soil pedons within the study area.
C Chaco Canyon
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we have discussed several environmental factors that cause dryland farming of maize
in the Southwest to be a risk-filled venture. Because of this risk, Native American
farmers sited their fields across different soil types and landforms. Given that the
raising of maize by Southwestern Native Americans is a matter of record (see, e.g.,
Huckell 2006; Vierra and Ford 2006), how did prehistoric and early historic
Southwestern Native Americans produce maize given the paucity and patchiness of
intense precipitation events during high-evaporation summers and the limited
amount of precipitation that fell in the winter?
Water Diversion and Concentration
One answer to the problem posed by inadequate precipitation is water diversion and
concentration strategies that were mostly applied to summer precipitation events. As
mentioned previously, a summer rainfall of 15 cm and an annual precipitation of
30 cm are considered the approximate lower limits for maize production (Shaw
1988); however, maize yields can be radically improved by increasing the amount of
water added to a field (Fig. 21).
Masse (1980) noted that Hohokam dry farming included the use of check dams
and contour terraces at the Gu Achi site in Arizona, and Woodbury (1961) found
that the Mogollon people in the Point of Pines area, Arizona constructed terraces
perpendicular to hillside slopes to slow runoff and trap soil. The Hopi practice
runoff (ak-chin) farming at the mouth of arroyos cut into side-valley alluvial fans.
At the arroyo mouth, sand is deposited in the form of a shallow fan where runoff
from the arroyo’s watershed spreads out. Hopi farmers divert the water to other
field areas using earthen dikes and ditches (Hack 1942). The Zunis commonly
irrigated maize fields near farming villages using spring-fed ditches and also
practiced ak-chin farming at distant sites. In the Pajarito Plateau, the most common
agricultural practice was to create fields on gently sloping mesa tops where maize
Fig. 20 Histograms of pH in surface soils (a) and 1-m soils (b) in soil pedons within the study area. NAV
indicates the range of pH values that promote the biological availability of N, and PAV indicates the range
of pH values that promote the biological availability of P
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relied directly on precipitation; however, the prehistoric Native Americans in this
area also built contour terraces and check dams to slow runoff (Gauthier and
Herhahn 2005).
Evaporation Mitigation
Bare soil evaporation (OE) can be reduced by spreading mulch between maize hills;
for example, putting straw on the soil surface may reduce the evaporation by up to
30% in no-tillage agriculture as opposed to conventional tillage (Morote et al. 1990;
Salton and Mielniczuk 1995). Hopi and Zuni farmers leave stubble from harvested
crops in the field, which functions as vegetative mulch, slowing runoff, promoting
the infiltration of water, and preventing the growth of weeds.
Lithic mulches moderate the soil temperature beneath the stones and decrease the
wind speed over the soil, thereby decreasing the rate of evaporation (Benoit and
Kirkham 1963; Lightfoot and Eddy 1994). In the Galisteo Basin of New Mexico,
Lightfoot (1990) documented 96 pebble-mulched fields covering a total area of
0.41 km2. Choriki et al. (1964) have demonstrated, over a 2-year period, that 30–
40% more water is stored in a gravel-mulched soil compared to a bare soil. Homburg
(2000) has shown that the upper 10 cm of gridded fields, in the Safford Basin of
southeast Arizona, average about twice the moisture relative to areas outside the
grids. In addition, the use of lithic mulch also optimizes the infiltration of rainfall
and overland flow and may act as a mini snow fence that increases the infiltration of
winter precipitation.
The prehistoric Native Americans that inhabited the Pajarito Plateau planted
gardens bordered by rocks that slowed erosion and retained moisture, and they
mulched some of the gardens with gravel to conserve moisture and protect plants
from killing frosts (Gauthier and Herhahn 2005). Maize was often planted in pumice
deposits which absorb and hold moisture and which also act as mulch, slowing
evaporation and keeping the deeper soil cooler.
Fig. 21 Maize yields as a function of water received by agricultural fields in New Mexico (Adams et al.
1999) and Turkey (Mengü and Özgürel 2008)
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Excepting large shrubs, only the bases of small plants are hoed by the Hopi
when preparing a field, thus leaving the rest of the bare soil undisturbed. This
renders the surface soil less subject to erosion (Prevost et al. 1984) and also
conserves soil moisture (Ford 1985). In essence, this is a form of no-till farming.
However, leaving the bare soil undisturbed decreases the infiltration rate of
precipitation and run-on; for example, no-till treatment was found to reduce the
saturated hydraulic conductivity of surface soil by a factor of six times in
experimental fields near Prague, Czech Republic (Matula 2003). Planting squash,
which covers bare soil between maize hills, also lessens bare soil evaporation
(Berzok 2005:49).
Weed Reduction
With respect to water stored in and transpired from weeds (OT,W), traditional farming
practices of the Hopi and Zuni eliminate all plants other than the crop prior to
planting (Cushing 1920; Underhill 1946). The Zuni collected the vegetation in the
center of the field and burned it, whereas the Hopi removed large vegetation to the
edge of the field before burning (Cushing 1920; Dominguez and Kolm 2005 and
references therein). Transpiration losses via weeds are minimized by frequent
weeding of Hopi fields (Dominguez and Kolm 2005; Forde 1931; Stewart 1940).
Weed management is not today considered an important activity by the Zuni
(Muenchrath et al. 2002); however, most Zuni farmers occasionally hoe and pull
weeds. The importance of weeding in recent times has been documented in a study
in the Crisurilor Plain of Romania in which Borza (2008) showed that the growth of
weeds lowered maize yields by 54%, 47%, and 86% in 2005, 2006, and 2007,
respectively.
Maize Fertilization by Southwestern Native Americans?
Brandt (1995) has noted that “Burning brush, when clearing a field, and catching
nutrient-laden sediment from water and the wind are the only references in early
ethnographic accounts to fertilizing fields,” and Arrhenius (1963) stated that
Southwestern American Indians did not appear to “have been acquainted with the
use of natural manure as a means of improving the soil.” Beaglehole (1937)
observed that the Hopi farmer had no set system of crop rotation nor did he make
use of animal manure. Farmers did not apply the manure of livestock on Zuni fields
until encouraged by agricultural extension workers in the 1920s (MacDowell 1919).
Thus, there is little evidence for early or prehistoric Zuni or Hopi fertilization of
maize.
Adams (2004), however, has documented two types of southwestern Native
American practices (adding fireplace ash and human urine to fields) which may
indicate fertilization. Adam’s examples of possible maize fertilization include the
following anecdotes: (1) Stevenson (1915) recorded that the Zuni took 10 days of
ashes and sweepings to the fields; (2) the Zia are known to pack wood ashes around
the bases of maize sprouts (Euler 1954); (3) in the mid 1500s, Castenada
documented the collection of urine in clay vessels by Puebloans who emptied the
vessels some distance from the pueblos (Hodge 1946); and (4) the implication that
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the urine was added to agricultural fields is supported by Bandelier who reported the
same practice 300 years later and commented that the urine was carried “out into the
fields” (Lang and Riley 1966:104).
How effective is adding wood ash and human urine to agricultural fields in the
southwestern USA, and did the intercropping of beans with maize extend the fertility
of Native American fields?
Addition of Wood Ash to Native American Fields
As stated previously, N and P are most accessible to maize within a pH range of 6.0–
6.5. A compilation of 37 wood ash samples (Risse 2002 and references therein)
indicates that the pH of wood ash ranges from 9.0 to 13.5, with an average pH value
of 10.4. The 37 ash samples have average Ca, K, P, and N concentrations,
respectively, of 15%, 2.6%, 0.53%, and 0.15%. One analysis of juniper ash (a tree
common to the Southwest) indicates a composition of 26.5% Ca, 7.9% K, and 2.1%
P (U.S. Patent Application 20040126460).
The K and P content of wood ash makes it an attractive amendment; however, the
elevated pH and Ca values indicate that application of wood ash only benefits acidic
soils. In fact, Aleksandrovskii (2007) has reported that both potash (K2CO3) and
calcite (CaCO3), which increase the alkalinity of the soil, are produced during
organic matter incineration.
Soils with a pH<5.5 will likely be improved by wood ash addition, and soils that
are slightly acidic (pH 6.0–6.5) should not be harmed by the application of 3,950 kg/
ac annually if the ash is worked into the top 15 cm of soil (Lerner 2000). A soil
surface pH contour map, based on 298 soil samples (U.S. Department of Agriculture
2009) collected from the study area (Fig. 19), indicates that few sites in the study
area have a pH that would benefit from the addition of wood ash.
The more complete the combustion of wood, the greater is the amount of N
volatized. Thus, the addition of wood ash does little to increase the N content of a
soil. Increasing the soil pH by adding wood ash also will adversely affect the
transformation of organic N to biologically available NO3 and will also increase N
volatility, especially when urine is the N source. Rao and Batra (1983) observed that
62% of the N was lost, via volatilization, when ammonium sulfate was applied to an
alkali soil with a pH of 10.2, whereas only 0.2% was lost when N was applied to a
soil having a pH of 7.8.
With respect to burning fields to fertilize them, fire chemically stimulates
mineralization of soil organic matter to NH4
+, much of which the highly alkaline ash
left behind converts to NH3 gas, which is subsequently lost to the atmosphere.
During burning, fire converts most of the N in the vegetation to N2 gas, which is also
lost to the atmosphere (Raison et al. 1985).
It has been noted that few soils in the study area would have benefited from the
addition of wood ash; however, for those high-elevation fields with slightly acidic
soils, a calculation will be made with regard to the amount of wood that must be
burned to provide the necessary ash. The amount of ash that should be added to a
soil is dependent on the pH of the soil; however, for the calculations that follow, we
will follow Lerner’s (2000) suggestion that soils that are slightly acidic (pH 6.0–6.5)
should not be harmed by the application of 3,950 kg ash/ac annually. Such
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calculations apply to relatively wet and wooded environments that exist in forested
high-elevation parts of the study area.
Given that wood burning produces 6–10% ash (Risse 2002), more than
39,500 kg of wood would have to be burned to fertilize the entire surface of a 1-ac
field. If, instead, 440 hills of maize were each surrounded by a 1-m diameter circle
of ash, only 4,290 kg/ac of ash would be needed. The latter amount of ash could be
supplied, for example, by burning 250 juniper trees with 10- to 20-cm diameters
(Miller et al. 1981), which is equivalent to the burning 3.5 cords of dry Utah
juniper.
Van Epps et al. (1982) reported an average plant dry weight of 15.9 kg for big
sagebrush from four sites in the Intermountain western USA. Big sagebrush has a
plant density of 1316 plants/ac and produces an average of 3.1% ash. To produce
4,290 kg of ash from big sagebrush, 8,700 plants (6.6 ac) would have to be cleared
and burned.
Stephen (1936) recorded that 314 kg (12.4 bu) of maize was consumed annually
by an individual Hopi. This figure seems exaggerated, given that a kilogram of
maize contains about 3,500 kcal (Dietz et al. 2001; Salvador 1997). An individual
that ingested 314 kg of dried maize in a year would consume 3,000 kcal/day from
maize alone, which seems extraordinarily high; for example, rural Mesoamericans
consume between 95 and 161 kg of dried maize per year (940–1,590 kcal/day; Stuart
1990). If we assume an average consumption of 128 kg of grain per person per year,
this implies that a family of six would consume 30 bu of maize annually. If an acre
field yielded 10 bu of maize, a Native American family would have to burn at least
10.5 cords of juniper or 26,100 big sage plants to supply the ash necessary to amend
the three acres.
Addition of Human Manures
With respect to human manures, the application of urine to agricultural fields has a
number of drawbacks. Maize can tolerate a high concentration of N and responds
well to the application of a 3:1 mix of water and urine (Morgan 2007); however, if
undiluted urine is applied to maize, it can cause foliar burns.
Urine is rapidly attacked by soil organisms, leading to the formation of
ammonium hydroxide which transforms to ammonia (NH3), which is lost through
volatilization or is converted by bacteria to NO3–N (nitrification). Bear and Royston
(1919) found that urine exposed to air lost 92% of its N in 12 weeks at a temperature
of 32.5°C, and Sommer et al. (1991) found that 55% of the ammonia in urine was
lost in 2 days. Fertilizer losses from surface-applied urea can result in ammonia loss
via volatilization in excess of 43% (Fowler and Brydon 1989). Therefore, urine
needs to be diluted with water and worked into the soil if a crop is to receive the
maximum benefit of the urine’s N content. There is no evidence of this practice in
the early or prehistoric Southwest.
Approximately 1.5 L of urine is released from an adult each day (Rauch et al.
2003). The annual production of N in urine by an individual has been estimated to
be 4.00 kg by Vinneras (2002) and 4.02 kg by Esrey et al. (2000). These values may
be overestimates of the N concentration in prehistoric human urine as modern
humans eat a protein-rich diet. Thus, the amount of urine produced by a person in
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the first 90 days of a 120-day growing season (the time range over which fertilizer
could be profitably added to a field) totals about 1.0 kg.
Calculations using the data contained in Tables 2 and 4 indicate that aboveground
maize plants in a 1-ac field, containing 440 hills, with an average of 4.5 plants/hill,
would contain 5.8 to 6.6 times more N than produced by one human in a 90-day
fertilization period. In addition, this calculation does not account for N loss associated
with the volatilization of NH3 and N2 from urine spread on the field. If, for example,
50% of the urine added to a field is lost via N volatilization, then an individual could
supply only about 7.5% of the N necessary to fertilize 10 bu of grain.
A person produces only about 0.55 kg N in 1 year’s feces (Vinneras 2002). This
constitutes only 13.8% of the N produced in 1 year’s urine. Little N benefit could be
achieved by applying human feces to a maize field, unless it was done throughout
the year and the feces were turned into the soil. Generally speaking, from 25% to
50% of the organic N in manure is released to the soil during the first year
(DeLoughery and Wortmann 2005), in which case the amount of manure produced
in a year would contribute <28% of the N input by urine during the first 90 days of
the growing season.
The Nitrogen-Fixing Efficiency of Beans
Much has been made of the “three sisters” of Native American agriculture: maize,
beans, and squash. When the maize reaches 15 cm, beans and squash are planted
around the maize stalk(s). In theory, the maize provides the “pole” for the beans to
climb, the squash spreads over the ground and acts as a vegetative mulch, and the
beans provide N to the soil (Berzok 2005).
Biological N fixation is a process that reduces inert N gas (N2) to ammonia
(NH3), which is used by the plant to manufacture amino acids and proteins.
Common beans are poor N fixers (<23 kg/ac) and fix less N than their N needs.
Almost all the N fixed is incorporated in the plant with little leaking into the soil.
Stalks, leaves, and roots of beans contain about the same concentration of N found in
non-legume crop residue such as maize stover. Roots and crowns of legumes add
little soil N compared to the N contained in the aboveground biomass (Lindemann
and Glover 2003). In fact, the residue (stover) from a maize crop contains more N
than the residue from a bean crop.
Annual legumes such as beans do not contribute N to the soil because most of the
fixed N is in the seed; therefore, for beans to contribute N to the soil, they must be
turned under the soil as green manure before they are in full bloom (Parnes 1990). In
one study involving field beans, 173 kg N per hectare were contained in the plant,
48 kg had been fixed from the atmosphere, and 98 kg was removed in the grain;
thus, 50 kg of N was lost to the grain from the soil (Haynes et al. 1993).
Advantages and Disadvantages of Planting Multiple Seeds in Widely Spaced Hills
There are some disadvantages to planting maize in widely spaced hills. By planting
four to five plants in a single hill, a need is created for four to five times the nutrient
and water loading normally accessed by a single root volume. This is especially
critical with respect to P which has a very low solubility in the aqueous phase,
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especially at a pH >7 when Ca2+ reacts with PO4
3− to form insoluble phosphate
compounds (see, e.g., Fig. 12.8 in Lindsay 1979). Because P is relatively immobile
in the soil water, maize roots and fungal hyphae are only able to access P located
adjacent to them; that is, they are not be able to draw in P from areas outside the area
surrounding individual roots.
On the other hand, the production of multiple ears per plant is favored where low
plant density reduces shading by maize rows (Hallauer and Troyer 1972).
Muenchrath and Salvador (1995) have suggested that the tendency of Southwestern
maize cultivars to produce multiple ears is an adaptive mechanism that occurred in
response to a stressful environment. Muenchrath and Salvador (1995) also have
pointed out that planting in hills promotes more rapid plant emergence than planting
in rows.
Maize pollen is spherical and relatively large and falls to the ground rapidly
(∼30 cm/s; Thomison 2009). Byrne et al. (2003) has shown, using adjacent fields
planted in differing maize types, that cross-pollination occurred in ∼50% of the
maize located within 1 m of the boundary between fields and that only 0.2–0.8% of
the maize indicated cross-pollination 50 m from the boundary. Thus, within-hill
pollination of maize (from tassel to ear shoot) becomes more efficient when multiple
plants are grown together.
Lastly, clustering of plants in hills helps anchor the plants and keeps them from
tipping over in the relatively loose Southwestern soils or breaking (lodging) during
wind storms.
Use of Optimally Structured Soils
Most soils are not texturally uniform but consist of sediment layers that have
contrasting hydraulic conductivities. Many Southwestern Native Americans took
advantage of the case in which coarse-grained permeable sediment overlies fine-
grained impermeable sediment. In this case, the coarse-grained sediment acts as wet
mulch and the fine-grained sediment slows infiltration of water through the soil
zone. Hopi, Zuni, and Tohono O’odham farmers understand the importance of
planting in fields that have relatively coarse surface sediments underlain by fine-
grained sediments (Bradfield 1971; Clark 1928; Nabhan 1984; Prevost et al. 1984).
To quote Bradfield (1971:5) with regard to Hopi ak-chin farming practices “…the
farmer first pushes the surface layer of sand to one side with his foot; he then goes
down on one knee, scrapes a hole about 10 inches deep with his digging stick…,
loosens the soil at the bottom for a further 2 to 3 inches…, drops the seed—12 to 15
individual kernels—into the hole; finally he pushes back the soil with his hand, first
the clay-and-sand loam to fill the hole, then the covering of fine sand on top. This
method of planting ensures that the seed itself lies well down in the moist subsoil.”
Summary
1. Prehistoric and early historic Southwestern Native Americans raised four to
five maize plants per hill. The mean field density was about 2,000 plants/ac.
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2. Prehistoric Native American cobs from the study area are much smaller than
modern cobs produced under optimum (water and nutrients) conditions. This
suggests that prehistoric maize production may have been much less than
10 bu/ac.
3. To flourish maize requires an adequate supply of water, heat, and nutrients as
well as a well-structured soil.
4. Fifteen centimeters of summer and 30 cm of annual precipitation represent,
respectively, the minimum amounts of precipitation for dryland (rain-on-field)
farming of maize.
5. Eight thousand seven hundred fifty kilograms of water is transpired for every
bushel of grain produced.
6. An equivalent depth of 13.4 cm of water must be supplied to the root volume
occupied by 4.5 maize plants to allow the production of 10 bu per acre of
maize.
7. Study area contour plots of precipitation indicate that northwestern New
Mexico and northeastern Arizona are deficient in both summer and annual
precipitation with regard to the dryland production of maize.
8. About 1 cm of water can be rapidly evaporated from the wetted surface of a
soil during the summer when the bare soil evaporation rate ranges from 5 to
8 mm/day.
9. The rate of maize growth is directly proportional to the amount of solar
radiation absorbed.
10. Most maize varieties, including some Southwestern Native American
landraces, require ∼120 freeze-free days and at least 1,000 growing degree
days.
11. Study area contour plots of growing degree days suggest that much of the San
Juan–La Plata mountain region in southwestern Colorado and the Sangre de
Cristo mountain region in north-central New Mexico, as well as an area south
of Chaco Canyon east of the New Mexico-Arizona border, is too cold for the
production of maize.
12. Growing degree days should not greatly exceed 1,000 in the Southwest given
that the extra heat increases bare soil evaporation.
13. Decomposition of dead organic matter releases nutrients to the soil necessary
for plant and microbial production. The decomposition process consists of
leaching, fragmentation, and chemical alteration.
14. Soil microbes that participate in the mineralization of organic C and N
probably do not function optimally in the semiarid Southwest where the soil is
relatively dry and saline.
15. Soil organic matter resists decomposition via biochemical recalcitrance,
chemical stabilization, and physical protection.
16. An indefinite number of soil organic carbon pools characterized by differing
rates of decomposition exist within a soil.
17. Most researchers divide soil organic carbon into labile, refractory, and
intermediate pools. The labile pool has a turnover time ranging from months
to a few years, and the refractory pool has a turnover time on the order of a few
millennia.
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18. A simple way to distinguish labile and refractory soil organic carbon is to
hydrolyze the soil organic carbon with hot 6 N HCl. The acid hydrolysis
effectively dissolves the labile fraction.
19. The radiocarbon (14C) age of non-hydrolyzable organic carbon generally
increases with depth in a soil, and the amount of soil organic carbon generally
decreases with depth.
20. Gross C mineralization rates are good predictors of gross N mineralization
rates.
21. N mineralization rates generally decrease exponentially with depth in a
soil, indicating that most N mineralization occurs in the upper 30 cm
(plow zone).
22. Natural system N mineralization rates have been reported to range from 1.5 to
3.5%/year; however, these rates probably were determined in relatively warm
humid climates and may not be strictly applicable to the American Southwest.
In addition, these rates were probably determined in studies of the upper
≤30 cm of soil where the most labile organic N occurs.
23. If a field dedicated to maize cultivation is not semi-continuously supplied with
N, the labile soil organic N pool will become depleted and the bulk N
mineralization rate will decrease exponentially.
24. Maize can only extract nutrients from the soil volume occupied by its roots.
This volume can be approximated by a cone with a diameter of 2.4 m and a
height of 1 m. Most of the root mass of modern maize lies within the top 30 cm
of soil.
25. The first, second, and third quartile N values for the top 50 cm of soil in the
study area are 0.035%, 0.059%, and 0.111%. Contours of organic C, which
proxies for organic N, indicate that the area southeast of the Four Corners
including the San Juan Basin has organic N values which are less than the first
quartile value. Only about 25% of the study area is capable of producing 10 bu
of maize per acre for any extended period of time.
26. Given that for a given volume of soil modern Midwestern maize plant densities
require approximately seven times the nutrients consumed by early historic
Southwestern fields, measured NO3–N and available P concentrations in
Southwestern soils need only exceed values of 3–4 µg/g NO3–N and 1.5–
2.0 µg/g PAV to produce a crop.
27. A pH range of 6.0–6.5 is optimal for N and P availability.
28. Study area contour plots of pH values at a depth of 1 m in the soil zone indicate
that all but mountainous regions in the study area have elevated (>8) pH
values, which are outside the range of optimum N and P availability.
29. When soil–water salinities exceed 1.5 dS/M, maize begins to die and at a
salinity of 7 dS/M, complete crop loss occurs.
30. Nearly 75% of the soil pedon sites indicate an increase in salinity with depth
such that roots cannot penetrate much below 50 cm or the maize plant will die.
31. In the historical period, a negative Pacific Decadal Oscillation and a positive
Atlantic Multidecadal Oscillation have been associated with drought in the
study area. Tree ring-based studies of prehistorical climate change also indicate
that the mid-twelfth and late-thirteenth century megadroughts were associated
with a negative Pacific Decadal Oscillation.
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32. Prehistoric fertilization of Native American fields with human waste or wood
ash has not been clearly documented. In any case, the addition of human urine
or feces falls short of supplying enough N to fertilize the amount of maize
required to feed a Native American family of six. Most soils in the study area
have pH values too high to accept wood ash, which itself has a pH ranging
from 9 to 13.5.
33. Despite statements to the contrary, the growing of common bean together with
maize does not add to the amount of organic N stored in the soil. In fact, the
bean plant consumes 50% of its N from the soil and 50% from the air. Most of
the N so obtained is contained within the seed itself; therefore, unless the bean
is returned to the ground as green manure, there is a net loss of N from the soil
when growing beans.
34. Early historic and presumably prehistoric Southwestern Native Americans
employed several methods to improve dryland farming, including water
concentration, evaporation mitigation, and weed reduction.
Conclusions
Water is the master variable throughout the study area. Water encourages the growth
of N-fixing plants such as bitterbrush, mountain mahogany, lupine, cryptobiotic
crusts, and lichen. Without N-fixing plants, the organic N reservoir would soon be
depleted due to loss of NO3–N, N2, and NH3 from the soil zone. The N-fixing plants
support the growth of other plants and the overall plant community provides N-
containing organic matter to the soil. The mineralization rate of soil organic N is a
function of soil moisture with higher moisture levels promoting more rapid
mineralization rates (under oxidizing not anaerobic conditions). In addition, water
is consumed during evapotranspiration that accompanies carbon fixation by the
plant. Finally, the transport of abundant water through the soil zone prevents the
buildup of salts, the latter which decrease the amount of plant-available water.
Generally speaking, the amounts of summer and winter moisture increase with
increasing elevation in the study area (compare Fig. 1 with Fig. 11a, b). However,
GDD decreases with elevation (Fig. 12) such that the elevational range permitting
dryland farming changes from year to year (Petersen 1986).
Drought has been a reoccurring problem in the study area throughout the past
2,000 years. Megadroughts, defined as droughts that last 20 or more years, during
which PDSI values are less than or equal to −1 at least 60% of the time, have
occurred 12 times between A.D. 0 and A.D. 1600 (Fig. 22). Many of these droughts
are associated with archaeological phase transitions and with demographic changes
(Benson and Berry 2009), which probably reflect cultural responses to declines in
the subsistence base.
In conclusion, the climate and soil chemical parameters discussed and illustrated
in this paper (Figs. 11, 12, 14, 16, and 19) indicate that much of the study area could
not and does not support a 10-bu/ac yield of maize. The San Juan Basin, including
Chaco Canyon, appears to be the least promising area for dryland farming; that is, it
is too dry and its soils are N-poor, saline, and too basic (high pH values) for the
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production of maize. Contour maps of these parameters of course do not tell the
entire story; that is, they tend to smooth parameter variability that may characterize a
particular archaeological region such as Chaco Canyon. For that reason, I will treat
the climate, hydrology, and nutrient chemistry of the Chaco Halo, Mesa Verde, Zuni,
Fig. 22 Tree ring-based reconstruction of the Palmer Drought Severity Index (PDSI) for the past 2,000 years.
Droughts numbered 1–12 are megadroughts that occurred during Basketmaker (BM) and Pueblo (P)
archaeological stages. A megadrought is defined as a dry period that spans more than 20 years that has
annual PDSI values that are less than −1 for at least 60% of the dry period and that contains at least two ≥3-
consecutive-year droughts with PDSI values less than −1. The 1950s drought, which strongly impacted the
Southwest, is also shown for comparison. The record seen here represents a composite of nine PDSI records
centered on Holbrook, Arizona. See Fig. 1 in Benson and Berry (2009) for locations of the PDSI sites
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and Pajarito Plateau archaeological regions separately and in some detail in Part 2 of
this study.
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